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Foreword

This is a compilation of abstracts of reports from Principal
Investigators of NASA's Office of Space Science, Solar System
Exploration Division, Planetary Geology Program.

The purpose is to provide a document which succinctly
summarizes work conducted in this program., Each report
reflects significant accomplishments within the area of the
author's funded grant or contract.

No attempt has been made to introduce editorial or stylistic
uniformity; on the contrary, the style of each report is that
of the Principal Investigator and may best portray nis
research. Bibliography information will be included in a
separately published document.

Full reports of selected abstracts were presented to the annual
meeting of Planetary Geology Principal Investigators at Jet
Propulsion Laboratory, Pasadena, California, January 12-14,
1982.

Joseph M. Boyce
Discipline Scientist
Planetary Geology Program
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IDENTIFICATION OF TWO CLASSES OF 10'S VOLCANIC PLUMES
Alfred S. McEwen and Laurence A. Soderblom, U.S. Geological Survey,
Flagstaff, Arizona 86001

Comparison of images of Io's surface, acquired by the Voyager 1 aad
Voyager 2 spacecraft, reveal that a major volcanic eruption, previously
unnoted, occurred in the south-polar region of the satellite during the
time between the two encounters. The fallout pattern from this
eruption, centered on Aten Patera caldera (lat 48° S., long 311° W.), is
virtually identical to that from a similar eruption, centered on the
caldera named “"Surt”™ (lat 45° N., long 338° W.), that also occurred
between the two encounters (Smith et al., 1979b; Strom et al., 1981).
These two plume deposits and that of Pelé (the first plume discovered;
Morabito et al., 1979) are similar in scale and spectral properties, and
we believe that they form a class of plume eruption distinct from the
smaller active plumes. The large plumes deposit red material over areas
about 1,400 km in dfameter and are probably shortlived, whereas the
small plumes deposit bright white material over areas approximately 300
km in diameter and are very longlived. Six small plumes were observed
to be continuously active during both encounters, and simple probability
indicates likely minimum durations of about 3 years. Pelewas erupting
during the Voyager 1 encounter but had ceased 4 months later when
Voyager 2 arrived; Surt and Aten Patera were evidently inactive during
both encounters.

The probable lifetime of a large plume is on the order of days,
much less than the years that a small plume is likely to be active.
Other differences between the two classes of plume eruptions have
implications for basic geologic processes on lo. Evidence from the
Voyager Imaging Experiment, the International Ultraviolet Explorer,
ground-based telescopic spectra, and the Voyager Infrared
Interferometric Spectrometer (IRIS) suggest that the smaller plumes have
substantial amounts of associated SO, and eruptive temperatures of about
300 K, whereas the large plumes are Sepleted rich in SO, and erupt at
near 600 K (Sinton, 1980; Pearl and Sinton, 1981).

Two general types of molels have been proposed for the plume
volcanism, in which either sulfur or SO, is the driving volatile
material (Smith et al., 1979; Reynolds et al., 1980; Kieffer, 1982).
From recognition of the two classes of plume eruption, we now contend
that sulfur, originating from deep reservoirs, is the driving volatile
material for the large plumes, whereas S0, in shallow reservoirs drives
the small plumes. The mobility of SO, as a ground fluid would provide a
continuous supply of volatile materiais, and so the small plumes are
very longlived. Sulfur, however, is very fluid over only a narrow range
of temperatures and pressures, and so this volatile supply would not be
replenished, and the large plumes are shortlived.

The distribution of these two plume classes suggests a glob:zi
asymmetry in Io's crust. Whereas the small plumes are concentrated in
an equatorial belt around the satellite, the three large plumes and
surface markings that suggest previous large plume eruptions all occur
in the hemisphere centered on long 300° W. Ground~based observations
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since 1926 have consistently noted that the longitude zone near 300° W.
is much darker and redder than the central and eastern longitudes
(Morrison et al., 1979). (The fissure named “"Loki" occurs where these
areas overlap, and the two plumes erupting from the east and west ends
of this fissure display attributes of both plume classes.) Where the
large plumes dominate, darkness of the surface in ultraviolet images
suggests little 50, frost, and the surface is covered by many huge lava
flows. Elsewhere, near the Equator, where the small plumes are
concentrated, brightness of the surface in ultraviolet images suggests
abundant SO,, and few lava flows are apparent. Continuous deposition of
pyroclastic materials and 50, by the small plumes is consistent with a
low-density porous crust, whereas the crust near long 300° W. may
consist mostly of lava flows.
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REGOLITH QUTGASSING BY SULPHUR FLOWS ON IO

Baloga, S.M., Pieri, D.C., Matson, D,L., Jet Propulcion Laboratory,
Pasadena, CA 91109

Bright lateral surface markings often exist in close association with
voi anic features on Io. In previous studies (1,2), we proferred the
term "auras" for the bright distinctive ribbon-like markings adjacent
to many of the sulphur flows ubserved in Voyager images. These auras
generally exhibit a relatively intense image near the inner boundary
with the flow and a definite surface pattern correlation with flow
morphology. Aural patterns gradually take on a nebulous character
toward the outer boundaries and ultimately merge into the image back-
ground or the obright markings associated with other volcanic features.

We attribute the formation of auras to volatile release activated by
sulphur flows. T1hree altcrnative hypotheses for the origin of the
volatile species have Leen examined : the regolith beneath the ob-
served aura, the {iow itself, and the regolith predominantly snb-
jacent to the activating sulphur flow. Bv using high resolution Voyager
mission data on the volcanic complex Ra Patera, a suite of theoretical
and geomorphological arguments indicates regolith outgassing from
beneath the flow as the most likely hypothesis. Moreover, the fine
structuie of the analyvsis severly constrains reasonable choices for
aural material candidatez as highlighted below.

Aura morphogenesis by volatile release from the regolith underlying
the observed auras at Ra Patera is precluded by the lateral dimensions
of the auras, typically 10-20 lam, and the heat transier properties of
the regolith (3). Regolith heating at such distances from the sulphur
flow, followed by local volatile outgassing, requires a time scale
exceeding 0(1015) seconds. Aura formation processes requiring such a
time scale are grossly inconsistent with the surface renewal estimates
derived from global volcanic plume and sulphur flow averages (4,5).
Consequently, the activating flow itself and the regolith in its
immediate vicinity are the more likely hypotheses for the origin of
aural materials,

To examine the remaining two hypotheses, we evoke a stochastic-ballistic
theory for the above-surface emplacement of molecular species. This
theory considers volatile effusion as a stochastic process with ballis-
tic trajectories between the origin and the point of emplacement in the
aura. Using identical independent Gaussian distributions for the ver-
tical and lateral effusion velocity components, it can be shown that

the lateral emplacement probability density is given by,

wx) = @17 R, (x/2L) , (1)

et ALK, B+ Tt -

il arb i OEND
.




e

PR

where K, is the zeroth-order modified Bessel fungtion of the second
kind, L =@ 2/g is the characteristic length, O ¢ is the Gaussian
variance, g denotes gravity at the surface of lo, and x indicates

the distance from the sulphur flow. Due to the finite resolution of
the Voyager images (1.25 lm/pixel), matching theoretical and observed
aura intensity decay curves requires division of the cumulative
emplacement probability implied by (1),

x/2L
P(x) = 291 OS Ko(s)ds , (2)

into finite size intervals. With the modest assumption that the
emplacement protability, the areal density of the aural deposit, and
the image intensity are all proportional, this procedure allows us to
compare theoretical and Voyager scan decay curves and quantitatively
fix the length scale of the intensity decay in the auras at Ra

Patera. The histograms shown in Figure 1 are an example of this
matching process, where the dotted histogram indicates the theoretical
curve for L = 9.7 km and the solid histograms represent the envelope
of Voyager observations in the violet filter for one particularly well-
expressed aura. Numerous fittings and analyses of observational noise
lead to a best estimate of L = 12 km for this aura with L = 15 kn
being the most reasonable upper bound.

To relate the resulting length scale to the physical properties of the
effusion source, we borrow the random velocity O = JkT/m from the
kinetic theory of gases. For a given molecular species, the observed
length scale of the aural decay thus fixes a characteristic effusion
temperature of the source., Table 1 gives a partial listing of materials
that might be found in the bright aural markings and the characteristic
temperatures using our best estimate of L = 12 km.

TABLE 1
Compound Mass (amu) Eff. Temp. (K)
50, 64 166
HySy 66 171
NajS, 174 451
Sg 256 664

By noting that the activating sulphur flow solidifies at about 384K,
these calculated effusion temperatures differentiate the source of
the effusion by molecular species. Molecules with temperatures less
than sulphur solidus evolve from the regolith subjacent to the flow,
while those above issue from the flow itself.
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We have examined many more candidate aural materials than shown in
Table 1, and, complemented by a variety of morphological arguments,
precluded all species issuing directly from the flow itself. With
additional considerations such as degree of volatility, spectral
properties, and chemical abundance on Io, we suggest that SO
liberation from the regolith beneath the flow is the most liﬁely
hypothesis for explaining the existence of the auras at Ra Patera.
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THE EJECTION OF MATERIAL FROM IO !

Carl B. Pilcher, Institute for Astronomy and {
Department of Physics and Astronony, f
University of Hawaii, Honolulu g

We have reduced a group of ~ 50 images showing directional features i
in lo's sodium cloud, selected from our full data set of ~ 180 images.
The images were selected on the basis of their anticipated value in pro- i
viding constraints on possible models for the sodium ejection mechanism.
The data reduction process encompasses the following steps. The data,
including images of the scattered Jovian background radiation, are first
digitized from the photographic plates. The data values are converted to
intensity and the background images are then subtracted from those showing
the sodium emission. A low pass filter ia applied to the resulting images
and these results are displayed as hard-copy contour plots. For images
that are to be subjected to detailed numerical analysis, the two-
dimensional instrument response function (which is non-uniform for optical
reasons) is calculated. This function is then applied as a correction to
the data.

Models of the process producing the directional features are being
developed in collaboration with V. H. Smyth of Atmospheric and Environmen-
tal Research, Inc. (Cambridge, Massachusetts). Our hypothesis is that
sodium 18 collisionally swept from the trailing hemisphere of Io's bound
atmosphere by the nearly corotating heavy ion plasma. The swept sodium
forms a hollow core which is projected onto the sky ahead of Io. In the
absence of an asymmetric sodium sink, this projection would lead to the
obgservation of a pair of directional featur2s, oblique to and symmetric
about Io's orbital plane. An asymmetric sink is provided, however, by the
plasma torus, which oscillates north-south about Io's position owing to
the tilt of the Jovian dipole. When the plasma is largely to one side of
Io, neutral sodium in the corresponding directional feature rapidly under-
goes electron impact ionization. Six—and-one-half hours later, when the
plasma has reached the other extreme of its north-south oscillation,
gsodium in the other directional feature is similarly ionized. The appar-
ent result is in general a single directional feature that aonears to
oscillate about Io's orbital plane with a period equal to Io's magnetic
period. The time lag between plasma symmetry with respect to Io and fea-
ture symmetry with respect to the orbital plane is determined by the
details of the ejection and ionization processes. We are using a set of
observations that show the feature moving through its symmetry point to
constrain the parauseters in this model.

Variations in the overall intensities of the directional features can
be due to variations in the sodium density in Io's bound atmosphere or to
changes in the plasma density. The root of both of these effects is
likely a variation in Jo's volcanic activity. Dramatic evidence for such
a variation is contained in images, acquired during a 4-day interval in
February 1980, which show anomalously bright sodium emission surrounding
Io and anomalously prominent directional features. Images of the st com-
ponent of the plasma torus obtained on the same nights may help us under-
stand the origin of this unusual occurrence.



VOYAGER SURFACE AND DISK-INTEGRATED PHOTOMETRY OF I0

D. Simonelli and J. Veverka, Laboratory for Planetary Studies,
Cornell University, Ithaca, N.Y.

To date most of the colors on o have been explained in terms of
various forms of elemental sulfur and sulfur compounds, including
S0 frost. One difficulty with the universal conviction that the
surface of lIo is rich in elemental sulfur is that laboratory measure-
ments show the spectral reflectance curves of sulfur aiictropes to be
temperature-dependent. For example, Gradie et al. (198Z) find that
measurable changes in reflectance and color should accompany diurnal
and post-eclipse changes of surface temperature on lo, if the surface
contains appreciable amounts of the brighter sulfur allotropes (es-
pecially Sg). So far no such variations have been noted either in
normal Voyager coverage (Veverka et al., 1982), or in the post-
eclipse sequences (Veverka et al., 1981). Before concluding that
Sg and other bright allotropes are not present in sufficient
amounts to affect the satellite's spectrum, one must consider the
possibility that the requisite temperature effects do occur, but that
they are masked by some compensating peculiarity of Io's photometric
properties. In part to resolve this question we have begun a compre-
hensive determination of lo's disk-integrated and disk-resolved
photometric properties.
Photometry of Individual Regions: Preliminary analyses (Clancy and
Danielson, T98T; McEwen and Soderblom, 1982; Veverka et al., 1982)
have not produced any evidence that lo's photometric properties are
in any way peculiar. At least the small phase angle Voyager data
(ax < 20°; cf., Fig. 2) can be represented well by simple scattering
functions, including Minnaert's equation (Figure 1). In our initial
analysis we have chosen a three-component color classification sys-
tem, Tabeling regions as either white, orange, cr brown (where the
brown material is confined largely to the polar regions). Figure 1
shows that the observations for the "orange" and "brown" regions can
be described extremely well by a simple Minnaert law. The scatter in
the "white" region data is larger, but a Minnaert fit is still ade-
quate on average. The values of the limb darkening coefficients, and
their dependence on the phase angle (Table 1) are reasonable. Thus,
there is no indication that there is anything peculiar about the
photometric properties of typical regions on lo. The relatively
larger random scatter in the white region data (Fig. 1) most likely
indicates that our classification in this case is too coarse., The
random nature of the scatter does not sunport the idea that the white
areas are photometrically pecuiiar in some systematic way.
Disk-integrated Photometry: Figure 2 shows the disk-integrated
brightnesses through the Voyager orange and ciear filters on a magni-
tude scale, grephed vs. phase angle. The low phase angle data have
been rotation-corrected using the earth-based rotation curves pub-
lished in Morrison and Morrison (1977). The phase coefficient for lo
(appror=yate to the wavelength region covered by the Vovager clear
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and orange filters) derived from earth-based observations, .02
mag/deg (Mcrrison and Morrison, 1977), fits the low phase angle
Voyager data well (Figure 2). The high phase angle data allow us for
the first time to directly compute the phase integral gq. We find
q = 0.75 + 0.2 in both the orange and clear filters. The liberal
error bars are due to the lack of coverage at phase angles between
20° and 100°. This value for q compares favorably with the earth-
based determinations of q summarized in Table 12.2 of Morrison
(1977); pre-Voyager estimates of q centered on either 0.6 or 0.9,
although Morrison adopted a nominal value of 0.9 + 0.2.

This research was supported in part by NASA Grant NSG 7156.
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TABLE 1. Minnaert parameters (B, and k) for lo
Violet Filter (A = .41 um); Subspacec “ft longitude = 20°

Image Phase Angle

(FDS No.) o (deg) Bo k

16345.24 4.9 White .439 * ,009 .60 = .02
Orange .285 = .003 .70 2 .Og
Brown ,152 + .002 712 = .00

20592.05 8.8 White .39 = .01 .55 * .02
Orange .241 = .004 .70 = .03
Brown .138 = .003 .74 = ,02

16292.33 14.5 White .37 = .01 .55 = .03
Orange .248 =+ .004 .81 = .04
Brown .146 = .004 .81 = .03

Note: Errors are the least squares standard deviations.
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FOS 16348.2¢ (Viole Filter)

"Fig. 1. Minnaert plot for the

:w~~R:- .. three classes of colored
:""" wons regions in image FDS 16345.24
& Brown Reguons

(Violet Filter; X = 0.41 um).
For each class, the solid

line is a least-squares fit

to a curve of the form

I/F cos e = Bo{cos i cos e)k,
where i is the incidence angle
and e is the emission angle.
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Fig. 2. Disk-integrated phase curves for Io (Voyager orange and clear
filters). The disk-integrated brightness of the satellite has been com-
puted on a magnitude scale with an arbitrary zero point. The low phase
angle data have been rotation corrected using the earth-based rotation
curves of Morrison and Morrison (1977). Straight lines have siopes of
B = .02 mag/deg, the phase coefficient determined from telescopic observa-
tions. The approximate effective central passbands of the clear and
orange filters are 0.48 and 0.59 um respectively.
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REFLECTION SPECTRUM OF LIQUID SULFUR AND ITS IMPLICATION
FOR I0

R.M. Nelson, D.C. Pieri, D, Nash, and S.M. Baloga
Jet Propulsion Laboratory
Pasadena, California 91109

We have measured the spe~tral reflectance from 0.38
to 0.75um of a column of liquid sulfur (figure 1) at
several temperatures between the melting point (~118°C)
and 173°C, Below 160°C the spectral reflectance was observed
to reversibly change as a function of the temperature,
without regard to the previous thermal history of the
column. Once the temperature exceeded 160°C, the spectrum
would not change given a subsequent decrease in temperature.

Qur results show that at all temperatures at which
liquid sulfur exists, its spectral reflectance (0.35<0.75um)
measured is quite low, the maximum being 19% at 118°C
(A=0.75um) (figure 2). When this result is compared to the
spectrophotometry of selected areas on Io reported by the
Voyager Imaging Team (Soderblom et al., 1980; Clancy and
Danielson, 1981) we conclude that all those Io areas are
too reflective to be liquid sulfur except for the regions
classified as "black caldera floor material” which have
reflectivities of <25% of all Joyager camera wavelengths.
Molten sulfur at any temrerature would be classified as
black by the Voyager imaging results,

These black areas consititute approximately 5% of Io's
total surface area (Carr et al., 1978). However, groundbased
thermal infrared studies put a fractional limit of =~ 107"
for temperatures higher than 77°K (Morrison and Telesco, 1980).
Since liquid sulfur must be hotter thaa 77°K, only =0.2%
of the black spots observed on Io by Voyager could be
molten sulfur. This implies that +he remaining black spots are
solid and subject to resurfacing from other volcanic deposits.
If so, given resurfacing rates reported by Johnson et al.
(1979), then the lifetime of a typical black spot (once
solidified) is about 10* years. Using rates estimated
by Pieri et al. (1982) reduces that estimate by a factor of 10,
Both rates assume that 1 cm. of covering material is the
minimum required to obliterate a black spot.

The finding that liquid sulfur at any temperature appears
black to the Voyager cameras has several additional implications
for lo volcanism, First, the uniform and low albedo of molten
sulfur allows that active sulfur calderas need nct have bheen
heated to the temperature range of black sulfur, but could
have any range of temperatures above 118°C. This is consistent
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with the range of temperature-dependent flow morphology
observed (Pieri et al., 1982), Furthermore, some isolated
flows on Ic appear quite dark in the Voyager imaging data,
These could either be quenched black sulfur flows or active
liquid flows with little or no overcrusting (Pieri et al.,1982)
although thermal data (Morrisor and Telesco, 1980' severely
limit the area which may be liquid sulfur.

Finally, (a) if flows existed on Io during the Voyager
encounters, (b) if quenching does effectively preserve the
original allotropic colors %Nelson and Hapke, 1978), and
(¢) if the varigated and systematic color-morphology
associations in flows are indeed the result of cooling of
sulfur lavas (Sagan, 1979; Pieri et al., 1982; Baloga
et al ., 1982), then nearly all flows on I- were ejther inactive
at the time of the Voyager encounters, or mcst of the active
flows were roofed over by quenched sulfur crusts.

Several outstanding questions remain. It has yet ot be
shown that large masses of sulfur will retain their color
upon quenching. Ultrapure sulfur with respect to carbon
may be required in order to preserve this :ffect. If so
then such conditions must be consistent with the Io
environment. In particular, it must be reconsidered with
the presence of other surfuce materials, most notably
the sulfides of sodium aud sulfur djoxide.

This work performed under NASA contract at the Jet Propulsion
Laboratory of the California Institute of Technolog;.
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FIGURE CAPTIONS

Figure 1. The special glass coiumn depicted in this figure
was constructed in such a fashion that it was possible to
fill the column with powdered sulfur and measure the re-
flection spectrum of a 3.8 cm thickness of molten sulfur
through a fused silica window at one end. The column was
filled urler argon with USP grade sublimed sulfur manu-
factured by Mallincrodt Inc. It was evacuated, sealed and
wrapped in heater tape over its entire length, except for
the topmost portion and the window. Figure 1 shows a sketch
of the glassware. The temperature was monitored by an
iron-constantan thermocouple in contact with the glass
on the side of the column near the window. The temperature
was regulated by a temperature controller activated by
a thermistor wich was also in contact with the glass near
the window. The spectral reflectance of the top surface
of the column of sulfur liquid was measured through the
window using a Beckman DK-2 recording spectrophotometer
in the spectral renge 0.375 to 0.75 microns.,

Figure 2. Reflection spectra of the top of the molten
liquid column at selected temperatures. Below 160°C
the color changed as a function of temperature. Once the
column was heated above 160°C, the color would not change
if the temperature was lowered again to just above the
melting point.
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COLORS OF LAVA FLOWS AT RA PATERA, I0

D.C. Pieri, S.M. Baloga, and R.M. Nelson
Jet Propulsion Laboratory
Pasadena, California 91109

Morphology and qualitative color observations have
been used to argue that long (> 150 km) sinuous, radially-
oriented flows at Ra Patera are the result of the erugtion
of molten sulfur in a temperature range of 400 to 525°K.
(Pieri et al. 1981, Baloga et al., 1981). We have sug-
gested that radiative cooling is the predominate heat-loss
preocess for such volcanic features and have shown that
morphology and color transitions occur at approximately
the correct distances (*10%) as would be expected for
molten sulfur erupting at about 500°K for the Main Flow
at Ra Patera, Other flows exhibit different morphologies
as well as a range of color sequences and thus a range
of initial effusion temperatures is likely to be involved

(Pieri et al., 1982),

We have classified flows at Ra Patera and elsewhere
on Io using flow morphology and color sequence. "Complete
flows" show the full sequence of color and morphology
associated with sulfur lavas (Pieri et al., 1981, 1982;
Baloga et al., 1981, 1982; Fink and Greeley, 1982, and
Sagan, 1979). "Incomplete flows" show truncated color
sequences, that is they do not exhibit the complete range
of morphology and color associated with an initial eruption
of the high terperature allotrope (i.e. red-black sulfur).
At Ra Patera, two kinds of incomplete flows exist--those
that start as dark red or black sulfur and do not show
transition to the lower temperature allotrope (orange)

and those that,because of color and morphology observations,

appear to have originated as lower temperature and less
viscous sulfur, initially.

In support of these studies we have compiled detailed
photometric data on the flows at Ra Patera and at other
places on Io, using high resolution decalibrated Voyager
Imaging data. Some results of this effort are shown in
figure 1. Here we present color data for the Upper, Middle,
and Main Flows at Ra Patera which are depicted in the

sketch map in figure 2. Figure 1 shows Voyager narrow angle

orange to blue ratios versus downflow distance for the
darkest part of the flow determined from transverse scans.
Evident are clear systematic trends in the data consitent
with a progressive change to higher albedo allotropes as
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one moves away from the caldera. This trend appears in all
three examples. On the basis of these data alone we can
conclude that brightening occurs downflow consistert

with allotropic transitions. Upper and Middle Flows appesr
to show colors consistent with primarily dark red to

black sulfur near the caldera changing progressively

to red sulfur downslope. The tightly sinuous morphology

of these two flows is also consistent with composition
mainly of dark high-viscosity (10%cp) sulfur. These

two are incomplete flows. The Main Flow at Ra Patera,
however, appears to be a complete flow erupting as red-
black sulfur and terminating with a distal accumulation

of orange sulfur,
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Volcanic Sulfur Flows on Io, E8S, 62, p.1080
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FIGURE CAPTIONS

Figure 1. Blue to orange Voyager broadbaid filter data
ratios are presented on the vertical axis versus downflow
distances for the Upper, Middle, and Main Flows at
Ra Patera,

Figure 2. Sketch map of Ra Patera showing the locations
of the flows discussed in the text.
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EXPERIMENTAL INSICHTS INTO THE LACK OF IMPACT CRATERS ON EUROPA

Greeley, R., Fink, J.H., Geology Department, Arizona State University, Tempe,
AZ, 85287, and Gault, D.E., Murphys Center for Planetology, Box 833, Murphys,
CA 95247.

The surfaces of the icy satellites of Jupiter cxhibit a wide range of
impact crater densities, ranging from the intensely pitted surface of Callisto
to the relatively smooth surface of Europa. These differences have generally
been ascribed to variations in either crustal properties or degree of
bombardment among the satellites, The lack of many visible craters on Europa
has been attributed to their slow viscous relaxation in a solid ice crust
having relatively high heat flow (e.g., Parmentier and Head, 1981), similar to
the process of palimpsest formation proposed for Ganymede by Smith et al.
(1979). Based on impact experiments, Greeley et al. (1982) and Fink et 1l.
(1981b) proposed that palimpsest formation may involve a nearly instantaneous
relaxation of craters excavated in crusts with relatively fluid rheological
froperties, Crustal evolution models for the Galilean satellites (e.g.,
Cassen et al., 1980) have generally rejected the possibilty of a liquid water
mantle during all but the earliest parts of their bhistories. Morc recent
calculations suggest, however, that Europa may have preserved a liquid mantle
until quite recently (Squyres et al., 1983). Hence the possibilitv arises
that the paucity of visible impact craters on Europa nay be dve to initial
crater relaxation or resurfacing phenomena associated with impacts into a
planetary surface comprised of a liquid mantle overlain by a thin brittle
crust.

As part of our ongoing series of investigations at the NASA Ames Vertical
Gun Range into cratering processes on icy satellites, we conducted a series of
18 experimental impacts using layered carbowax (Polyglycol 600) targets.
These targets consisted of 25 cm of transparent liquid carbowax (melting point
= 21°C) overlain by frozem carbowax layers ranging in thickness from 5§ to
40 mm. Impacting pyre. projectiles (density = 2.3 g/cm’) had diameters of 6
or 13 mm (1/8 or 1/4 inch), and velocities ranging from 0.91 to 2.27 %ku/s.
Impacts took place within a vacuum chamber where the pressure was maintained
between 10 and 20 mm Hg (1 mm Hg=133 Pa), and the temperature was xept between
25 and 30 °C,

Crater morphology and evolution were quite varied and depended upon
crustal layer thickness, projectile diameter and velocity. For constant
crustal thickness and projectile diameter, increasing projectile velocity led
to a progression from (1) bowl-shaped craters emtirely within the crustal
layer, to (2) bowl-shaped craters that barely penetrated the liquid substrate,
to (3) craters that penetrated well into the substrate, to (4) craters that
totally fragmented the crustal layer. A similar progrossion was sugge< d by
a series of experiments in which projectile conditions were kept nea.':
constant while crustal thickness was steadily decreased, However,
verification of this latter trend requires further experiments.

Experiments of type (2) led to craters that had central pit-like
depre sions (Fink et al., 198la), left by the d:aining back of small amounts
of liquid substrete material. In csze (3), penetration of the substrate was
followed by forceful ejection of a 'plume’ of liquid carbowax that filled in
the crater bowl, sometimes overflowing and smoothing the initially cratered
surface. For the case of total disruption (4), the fragments of crust floated
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on the surface, :vontnnlly melting. In one experiment, the liquid substrate
was heated to 42 C before the impact, and the crustal layer fragmented at an
anomalously low projectile velocity.

Previous experimental impacts into targets with solid surfaces overlying
liquid substrates (Greeley et al., 1982) demonstrated that the cratering
process could vary from that charecteristic of svlid targets to that of liquid
targets, depending upon the thickness of thoe crustal layer and the projectile
properties. Impacts into liquids wit: thin or negligible surface layers
produced craters that disappeared shortly after formation, leaving only a ring
of bubbles or other signs of disruption, Similar results occurred for thicker
crusts if the projectiles had sufficient energy.

Extending these results to the cratering record of Europa, or lack
thereof, requires a series of caveats about scaling (see, for e.g., Greeley et
al.,, 1982). |Nevertheless, based on our experiments we may gqualitatively
suggost that the presence of a liquid mantle beneath a relatively thin ice
crust on Europa could explain the paucity of visible impact craters throungh
two mechanisms, Large impact events would essentially ‘igunore’ the presence
of the crust and produce a transient crater that immediately relaxed
hydr~odynamically. The ’'scar’ or disrupted zome could then refreeze, leaving
very little residual topogrsphy, Smaller impacts could punch through the
crust, followed by the ejection of water in either a liquid or solid state
which could then cover the surface of the surrounding crust, These deposits
might then themselves tend o even out topography through slow viscous flow,

Additional experiments are planned to further quantify the relationships
between crater morphology and crustal layer properties and thickmesses, In
particular, experiments should be run at reduced temperatures to try and
simulate resurfacing and re—freezing processes.
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GEOLOGICAL STUDIES OF ICY SATELLITES: EUROPA AND ENCELADUS
Steven W. Squyres, Ray T. Reynolds, Patrick M. Cassen, NASA Ames Research
Center, Moffett Field, CA 94035, and Stanton J. Peale, Dept. of Physics,
University of Califormia, San*a Barbara, CA 93106.

A number of models have been suggested for the evolution and present
state of Europa (1,2,3). We have recalculated its thermal state, and have
obtained results consistent with a largely dehydrated silicate interior,
an overlying ocean of liquid water tens of km thick, and a surface layer
of ice with a mean thickness of roughly 10 km. The model incorporates
radiogenic heating, and tidal heating in both the silicate core and the
ice shell. The crustal thickness is found to be similar te but less than
the minimum value that would permit solid state convection. If convection
occurred, it would cause rapid heat loss and freezing of the ocean (4).
Our results are different from those of previous models for three reasons.
First, we consider tidal heating in both the shell and the interior
(Cassen et al. (2,3) neglected dissipation in the interior; Ransford et al.
(1) neglected tidal dissipation altogether). Second, we use a value of
Q=25, appropriate for long period oscillations of the Moon (5), rather
than Q=100 (2,3). Finally, we use a value of the ice activation energy
constant E/kTpe]ting=26, which is favored by Weertman (6) and indicated by
study of viscous crgter relaxation (7), rather than 18 (2,3).

The theoretical calculations are consistent with a 1iquid ocean
beneath the ice, but for confirmation we must turn to the observational
evidence. The surface of Europa shows widespread evidence for fracturing
of the icy crust (8). Fracturing of the crust, caused by tidal fiexure
or membrane stresses, would result in boiling of exposed water and
deposition of the vapor as recondensed frost. Several observations
provide evidence for an active frost layer. First, the paucity of impact
craters indicates very rapid viscous relaxation (9) and near-surface
temperatures substantially greater than the solar equilibrium temperature.
A frost layer, with its very low thermal conductivity, would help to
maintain high near-surface temperatures. Second, the photometric function
of Europa is quite different from that of impact regolith of equal
reflectance on Ganymede and Callisto (10), but consistent with a tenuous
frost layer. Finally, the observation of SC» on Europa's trailing
hemisphere (11) is explained as a result of implantation of maanetospheric
sulfur ions concurrent with deposition of H20. From the observed SO?
column density we calculate a minimum global mean Hp0 frost deposition
rate of roughly 0.1 microns per year for Europa.

Saturn's small icy moon Enceladus shows evidence for several
episodes of geoloyic resurfacing spread over much of its history (12),
Tectonic features very similar toc the grooves on Ganymede are also
observed, suggesting that Enceladus' crust, like Ganymede's, has undergone
extension. Extension was probably caused by freezing of Ho0 in the
interior. Lithostatic compressive stresses are very small on Enceladus
due to the low gravity, making it unlikely that the grooves there are
grabens. Resurfacing took place by eruption of fresh material, perhaps
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containing NH,, to the surface. Melting in the interior may have been made
more likely ba the presence of NH,, as the H,0-NH, system has a eutectic
point at 1730K. Tidal dissipation seems to ge thg only heating mechanism
capable of melting Enceladus. Assuming thermal conductivity like that of
pure H,0 ice, the orbital eccencricity would have to be higher by a factor
of 5 tg 7 than the present value of 0.0044 to maintain a molten interior.
It may have to exceed the present value by as much as a factor of 20 to
cause melting in an initially frozen body. Recent experimental work (13)
suggests, however, that inclusion of a small auiount of NH, could lower

the conductivity as much as an order of magnitude. If th?s were the case,
an eccentricity increase of at most a factor of & would suffice to
initiate melting, and a molten interior could perhaps marginaily be
maintained by the present eccentricity.
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SPECTRAL ANALYSIS OF TOPOGRAPHY ON GANYMEDE
Robert E. Grimm, Dept. of Geological Sciences, University of Tennescee,
Knoxville, TN 37996, and Steven W. Squyres, NASA Ames Research Center,
Moffett Field, CA 94035.

Ganymede's bright resurfaced terrain is thought to have formed as the
result of globai extension (Smith et al., 1979), probably caused by
internal phasi changes between ice po]ymorphs during differentiation
(Squyres, 1980). Parmentier et al., (1982) have argued that the bright
bands originated as large grabens that were flooded and filled with clean
ice deposits. It is not clear, however, whether the gqrooves that are so
ccmmon in the resurfaced material represent long, very narrow grabens,
extension fractures, or ductile necking features. Regular groove spacing
is commonly observed and could result from extension of a brittle surface
layer over a viscous layer, causing a necking instability that might
rzsuit in any brittle deformation being concentrated at regular intervals
Fink and Fletcher, 1981). Squyres (1982) has pointed out that regular
spacing might also result from rapid formation of a cooled, strengthened
zone around an extension fracture immediately after its formation. In
either case, the geothermal gradient at the time of deformation has been
shown to be directly related to the :pacing of grooves. Quantitative
determinations of groove spacing might therefore be used to constrain
this important indicator of planetary evolution.

In addition, it has been suggested that colder overall tenperatures
within the crust could substantially increase the stresses resulting from
extensions, causing increased deep crustal normal faulting (Squyres,
1982). For this reason, one might expect topography in tectonically
deformed areas to be less regular in the polar regions, where colder
temperatures might result in extensive disruption of any regular groove
pattern by propagation of deep normal faults to surface. If, instead,
no variation of morphology with latitude exists, it may inc:cate the
presence of a regolith with unexpectedly strong insulating properties.
In order to perform a quantitative statistical analysis of groove
spacing and morphology on Ganymede, we have adopted a spectral analysis
technique, taking Fourier transforms of a large number of photmetric
profiles across groove sets, and examining the resultant power spectra
for the position and strength of peaks representing periodicities.

Approximately 160 tracks perpendicular to the trend of groove sets
from 28 Voyager images were selected for study. These images provide a
nearly complete sample of all the groove sets observed at moderate to
high resolution by the Voyager cameras. Groove sets selected for study
had to satisfy a uniqueness criterion: namely, that no grooves within
a given set could be traced unbroken into adjacent sets. One represen-
tative track was chosen within each groove <et. Grooves that were not
nearly parallel were avoided, as were areas that were extensively
cratered. In addition, features of less than a few wivelengths were not
used, e.g., single grooves and groove pairs. Because of the lack of
stereo coverage and the unsuitability of many images for detailed photo-
clinometric analysis, digital photometric intensities as recorded by
the Voyager cameras through clear filters were considered to correlate
with the relative amplitudes and wavelenaths of surface topography.
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Anomalous contrasts in reflectivity therefore had to be avoided, such as
those due to bright ejecta. Similarly, those groove sets judged not to
have adequate contrast to be clearly resolved from noise were not used.
The latitude, longitude, and scale (in km per picture element) of each
track were calculated using subspacecraft point coordinates and image
frame orientation from the Voyager final SEDR document and using the
photogrammetric control points of Davies and Katayama (1981).

For each desired cross-groove photometric track, a set of five
adjacent parallel tracks was summed, bandpass filtered, and tapered in
the spatial domain in order to reduce the effects of regional shading
trends noise, aliacing, and sidelobes in the wavenumber domain. The
power in a given Spat161 frequency is proportional to the square of the
modulus of its Fourier transform:

A(k) = I Alr)e 27K gy (1)

P(k) = Re2(A(K)) + Im?(A(k\) (2)

At the time of this writing, we have completed track selection and
data reduction, and are begining data an]ays1s A sample cross-groove
track and its power spectrum are show? in Figures 1 and 2. This spectrum
shows a peak at approximately 0.3 km (about 3 km wavelength), although
much of the power is dispersed at h1gher frequencies. Since we wish to
look for variations in groove spacing and morphology with latitude, power
spectra within a given latitude band will be averaged and compared with
other latitutdes. The spectra will also be statistically analyzed with
respect to viewing geometry parameters and spacecraft range in order to
reveal any hidden systematic errors. When completed, this work will
provide a global picture of the variation of groove spacing on Ganymede.

Acknowledgment: This work was supported in part by the NASA
Planetary Geology Undergraduate Research Program.
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PEDESTAL CRATERS ON GANYMEDE: INTERIOR MORPHOLOGY

Vicki M. Horner and Ronald Greeley, Department of Geology, Arizona State
University, Tempe, AZ 85287

High resolution Voyager images of Ganymede show a class of fresh craters
distinguished by ejecta with a sharp terminus (1,2,3; fig. 1). Grooves arve
sometimes recognizable beneath the ejecta; however, crater iuteriors appear un-
disturbed by the grooves. The ejecta thus appears to have conformed o pre-
existing tcpography during emplacement. Although earlier named ‘“rampart
craters” (4), we suggest that the term "pedestal craters” better describes the
appearance of this ejecta morphology.

Our data base consists of 185 craters, ranging in diameter from 6 to 89 km,
They were identified from Voyager 1 and 2 images with resolutions from 0,5€¢ to
1.49 km/pixel and solar incidence angles 240°, There appears to be no correla-
tion of the normalized ejecta extent (de/dc; the ratio of ejecta diameter to
the crater diameter) with latitude or longitude. Although it car be inferred
from the data that a correlation cxists between de/dC and ter~ain tvpes
(grooved terrain and dark cratered terrain) the difference {5 rnot statistically
significant (3).

The interior morphology of the craters may provide ciues to the relative
strength of the impact target (5,6). Figure 2 compares the distribution of
central peaks and pits for pedestal craters on Ganymede .ith martian craters,
The percent frequency curve for the distribution of central peaks for martian
craters represents the fluidized ejecta craters. The curve for the distribu-
tion of centrai pits for martian craters 1s comprised of all fresh craters
within a region.

Although the frequency of martian craters with central peaks Increases over
the diameter 1interval from 5 to 30 km, the frequecncy of central peaks in
Ganymede pedestal craters decreases in this interval from a high of 91% for
diameters 10 to 15 km, This can be interpreted either as an effect . € differ-
ing surface gravities o. the result of different target materials, Several
rescarchers (6,7) suggest that gravity has a minimal effect on differences in
crater interior features; thus, it appears that target materials of Ganymede
are more conducive to the formation of :entral peaks than are martian target
materials.,

Figure 2 also shows the distribution of central pit craterc or Ganymede and
Mars. In general, pit crater frequency increases with diameter; however, on
Mars central pits occur in smaller craters.

l. Lucchitta, B.K. (1980) Icarus 44. 481-501,
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Figure 1. High resolution Voyager 2 image (FDS 20638.59) showing several
pedestal craters on Ganymede (arrows). The scale bar represents 50 km.
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Figure 2. The percent frequency of central peaks and pits for fresh martian
craters and Ganymede pedestal craters. (1) is from Mouginis-Mark,1979,

(2) is taken from Wood et al., 1978, and (3) represents the Ganymede
pedestal craters. N is the total number of craters involved in each

survey. For the pedestal craters, N represents the totel number of

craters with an unambiguous interior morphology.
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EVIDENCE FOR MOBILITY OF WATER ICE ON CALLISTO
John R. Spencer, Lunar and Planetary Lab., University of Arizona
Tucson, AZ 85721

Voyager 1 images of Callisto provide good coverage of the north polar
region. These images reveal that many high-latitude craters have an
anomalous appearance, in that their south-facing slopes, tilted towards
the sun, are darker than their north-facing slopes (figure 1l). This
effect is present, to a variable extent, in most regions above about
S0ON, with anomalously-bright slopes facing fairly consistently
northward (figure 2). Voyager 2 images of Callisto do not show high
latitudes favorably and, probably for this reason, do not reveal the same
phenamenon. Neither spacecraft imaged Callisto's south polar region.
Bright north-facing slopes are not readily visible on Voyager Ganymede
images either, but again, this may be due to unfavorable viewiny geometry.

The likely explanation for this phenomenon is that noris Zaving
slopes, because of their lower mean temperatures, have accumulated
deposits of a bright volatile, presumably water ice. An adaptation of
modelling performed by Squyres (1980) shows that this is a reasonable
mechanism. Squyres calculated one-way diurnally-averaged sublimation
rates (neglecting re-impact of sublimating molecules) for ice on the
Galilean satellites as a function of latitude. Assuming a typical
interior crater wall slope of 15%, then for the purposes of temperature
determinations, the ‘effective latitude' of the north-facing interior wall
of a crater at 60°N will be 75°N, and of the south-faciug wall,
45°N. Applying Squyres' values for mean sublimation rates at these
latitudes, it is clear that there is a large imbalance in the rates on
opposite sides of the crater (figure 3). As the mean jump distance for a
sublimating molecule is about 50 km (Purves and Pilcher, 1980) greater
than the diameter of most Callistoan craters, frost buildup on the south
interjior wall is almost inevitable given a supply of surface ice and an
absence of more effective redistribution processes. The presence of
bright deposits on north-facing slopes is thus confirmation that ice
migration on Callisto, at least on a local scale, is dominated by
insolation-controlled temperature variations.

Theoretical models of ice transport on Callisto (Purves and Pilcher,
1980) predict substantial migration of ice from equatorial to temperate
latitudes over the age of the solar system. Callisto's striking visual
homogeneity in latitude (rigure 4), is thus remarkable, especially when
contrasted with Ganymede and its well-developed polar caps. Squyres
(1980) attributed the lack of latitudinal brightness variations to a
paucity, of surface ice available for migration, but the present
observations show that Callisto's bright areas, at least, are icy and that
the ice is capable of local migration across the surface. In addition,
earth-based reflectance spectra of Callisto have been interpreted as
indicating a minimum of 30 wt.% free water ice on the surface, intimately
mixed with silicates (Clark, 1980). At present, the problem of Callisto's
homogeneous appearance is still unresolved - for a full discussion, see
Spencer and Maloney (1983).
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Pigure 1 High latitude region of Callisto in the vicinity of the crater
nek, showing bright patches on north-facilg crater walls, giving the
effect of reversed illumination. The true illumination direction is shown
by the arrow in the lower right. Distance from top to bottam of the image
is about 600 km. Latitude/longitude grid on this and other figures from
pavis and Katayama (1981). Portion of Voyager 1 image, FDS 16424.48.
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y!.gu.r_o_z, Map showing facing directions
of anomalously-bright crater walls on
Voyager 1 images of Callisto's northern
hemisphere. Gaps in coveraje due partly
to severe image smear. Based on J.P.L.
Callisto mosaic no. 4.

Figure 3 One-way mean sublimation
rates, from &quyres (1980), for
various parts of a Callistoan crater
at 60°N. Assumed surface ice
SPHIETAL GAST . *+ | albedo of 0.13.

OME - WAY mon | 4xi0” | 3x10 3X10
RATE g cuf i
TOTAL OME -WAY 13km 100m 0nn
EVAPORATION N
10° YEARS

Figure 4 Global view of
anti-Jupiter face of Callisto,
showing the lack of correlation
between surface brightness and
latitude. Phase argle is
139, accounting  for the
gradual darkening towards the
upper left. The apex of
orbital motion is indicated by
an artow. Voyager 2 image, FDS
20583.21.
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VOYAGER GANYMEDE STELLAR OCCULTATION AND SURFACE ICE TEMPERATURES
John R, Spencer, Lunar and Planetary Lab., University of Arizona
Tucson, AZ 85721

Introduction In the past few years, several papers discussing ice
stability and transport on the Galilean satellites have been published
(e.g. Lebofsky 1975, Purves and Pilcher 1980, Squyres 1980, Spencer ard
Maloney, 1983). An uncertainty in these models has always been the actual
surface temperature of the ice on the satellite surfaces, which is
dependant on ice albedo, emissivity, and thermal properties, none of which
are well known. Because of the extreme variation of ice vapor pressure
and evaporation rate with temperature, these temperature uncertainties
result in large variations in possible transport rates. A direct
observational constraint on ice temperature can, however, be obtained by
consideration of the tenuous water vapor atmospheres that these bodies
must possess due to the finite vapor pressure of the exposed ice.

In the case of Ganymede, an upper limit on the surface pressure of an
equilibrium water vapor atmosphere has been obtained from the Voyager 1
UVS stellar occultation. Interpretation of this upper limit, however,
requires some knowledge of the behaviour of Ganymede's tenuous,
vapor-pressure controlled Hy0 atmosphere.

Atmosphere Behaviour A characteristic time for the adjustment of the
atmospheric density to changing conditions is given by the ratio of the
atmospheric column density to the surface sublimation rate. Both
quantities are proportional to vapor pressure, so the adjustment time has

no pressure dependance, and can be simply shown to be given by equation 1:
H

t = ‘:‘* (1)
v

Where H is the scale height and ¥ the mean atmospheric molecular
speed. For a temperature of 1500K, implying a water vapor scale height
of 48km, this gives a characteristic time of about 8 minutes. Processes
affecting the atmosphere with substantially ionger time constants will not
greatly disturb atmosphere/surface equiliibrium. As Ganymede's rotation
period is 7.2 days, the atmosphere can adjust effectively instantaneously
to diurnal tempe.ature variations.

Pilcher (1979) considered loss mechanisms for an H;0 atmosphere
around Io. He concluded that therma! escape would be negligable, and that
UV photolysis would remove molecules with a time constant of about 40
days. He also predicted loss rates due to sputtering by charged particles
in Jupiter's magnetosphere that are sewveral orders of magnitude smaller
than the rates of thermal evaporation from the surface. Loss by this
mechanism at Ganymede should be smaller still. Therefore, in the absence
of other major loss mechanisms, Ganymede's Hy0 atmosphere should be in
equilibrium with the surface below it at all times.

Bquilibrium entails the surface atmospheric pressure being equal to
the vapor pressure of the exposed ice, and this is true whether the ice is
continuous or segregated into patches surrounded by non-volatiles. The
reason is that at equilibrium the downward flux of molecules impacting the
surface will be the same for both the icy and non-volatile regions,



frovided that the scale of segregation is smaller than the mean molecule
jump distance, which is about 50 km (Purves and Pilcher, 1980). This flux
will equal the upward flux from the ice patches, which is determined
solely by the ice vapor pressure and thus temperature.

The surface pressure of Ganymede's Hy0 atmosphere at any point on
the surface can thus be used as a probe of ice temperature, without
requiring assumptions about the ice's emissivity, thermal properties,
detailed surface distribution, or albedo. Ice vapor pressure as a
function of temperature in the temperature range of interest has been
determined experimentally by Bryson et. al. (1974). Their data is shown
in figure 1, together with the extrapolated curves from the International
Critical Tables (1926-1933) and the CRC Handbook of Chemistry and Physics
(1971) that have been used in previous studies of ice stability and
mobility.

Voyager Stellar Occultation by Ganymede Occultation ingress occurred at
12.19s, 13.5%, at a local time of 1:30 pm (Ganymede hours) over a
mixture of bright and dark terrain (figure 2). Assuming a water vapor
atmosphere at 150°K, an upper limit on the surface pressure of about 3 X
108 mbar can be derived. (All data from B.R. 3andel, pers. comm.)

This limit is only a weak function of the assumed temperature. Using the
Bryson et. al. vapor pressure curve, this gives an upper limit to the
surface ice temperature in this region of 146°K. Figure 3 compares this
temperature upper limit to various theoretical estimates of the surface
temperature at this latitude and time of day on Ganymede's surface,
Equilibrium temperature is shown for two ditferent possible emissivities,
as a function of albedo, which varies with terrain type and incidence
angle. The occultation occurred at x solar incidence angle of 26°, at
which the average albedos are about 0.26 and 0.32 for cratered and grooved
terrain respectively (Squyres 1980, 1981). Temperatures for average light
grooved and dark cratered terrain, derived from the thermal modelling of
Squyres (1981) are also indicated.

The occultation-derived upper limit to the ice temperature is slightly
below all these theoretical estimates. A likely reason for this is that
the ice is somewhat segregated intc bright patches so that its albedo is
higher, and its temperature lower, than the 'average' surface. With the
current data the dearee of segregation and conseguent lowering of ice
temperature cannot be ascertained, but further data on the atmospheres of
Ganymede and the other Galilean satellites, from Galileo for instance,
could powerfully constrain ice temperatures and, consequently, models of
surface ice transport.

Acknowledgement I wish to thank Dr. B.R. Sandel for genetously providing
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ABSOLUTE AGES AND FLUX HISTORY FOR THE SATURNIAN SATELLITES

J.B. Plescia, Jet Propulsion Laboratory, California Institute of Technology,
Pasadera, CA 91109
J. M. Boyce, NASA Headquarters, Washington, D.C. 20546

Previously we have reported the results of the crater density determinations
for the various terrain types on the Saturnian satellites: Mimas, Tethys,
Dicne, Rhea (Plescia and Boyce 1982a) and Hyperion, Tethys, Enceladus and
Iapetus (Plescia and Boyce 1982b). Thus, we have established the relative
chronologies for the major events on each body. A more complete understanding
of the geologic histories of the Saturnian satellites requires an estimation
of the absolute flux rate of impacting bodies over time. 1In this way observed
crater densities can be correlzted with absolute time,

Several effects must be taken into account in order to compare crater
densities between satellites. These Include the gravitational focusing of
projectiles by Saturn (Smith et al., 1982), a gradient in the cratering rate
from the apex to antapex of motion on a tidally locked satellite (Shoemaker
and Wolfe, 1981, Smith et al., 1981, 1982) and the viscous relaxation of large
crater topography (Johnscn and McGetchin, 1973). The gravitational focusing
effect of Saturn produces an increase in the cratering rate with decreasing
orbital radii such that the rate on Mimas in approximately 20 times that on
Iapetus. Table I lists observed crater densities for various satellite
surfaces, while Table II lists the same data after correction for the focusing
effect nomalized to the flux at Iapetus. The gradient in cratering rate from
the apex to antapex and viscous relaxation do not apoear to have affected the
macroscopic craters viewed or the satellites.

In developing a theoretical cumulative flux history we have made several
assumptions. These include, first that the shape of the curve resembles that
of the Moon (Neukum and Wise, 1976) - An initial rapid decay of the impact
flux over the first few hundred million years until about 3.85 b. y. ago

then a linear decrease to zero over the subsequent period. The second
assumption is that Population I craters were produced during the initial rapid
fall off and that Population Il craters formed during the subsequent period of
linear decay. The location of the bend in the curve is based upon the density
at which the slopes of the observed cumulative size-frequency distributions
indicate a change {rom Population I xo II For craters larger than 20 km
diameter this is about 25 craters/10 km . These assumptions are supported
by results from cuter solar system orbit evolution studies (Shoemaker and
Wolfe, 1981).

Using the crater densities listed in Table II and the flux history outlined
above; the ages listed in Table II are indicated. These data suggest that the
majority of satellites have ancient surfaces, in excess of 3.8 b. y..
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Rhea, Mimas, Tethys, Hyperion, and Iapetus all have ancient surfaces. Any
internal activity which occurred on those bodies transpired over a very short
period of time, just a few hundred million yvears after formation. Enceladus
has had a prolonged geologic history extending over billiors of years, with
the oidest regions being nearly 3.8 b. y. old and the youngest craterless
arear being no more than a few hundred million years. Two intermediate age
plains units on Enceladus are expected to be about 1.7 and 3.0 b. y. old.
Dione has had a history that extended over a relatively shorter period of
time. The youngest unit on Dione, material associated with the fractures, is
estimated to be about 3.25 b. y. old., The intermediate urnit is about

3.6 b, y. old and the oldest unit about 3.9 b. y. old. The relatively young
age for the south pole of Mimas represents a resurfacing event which occurred
about 3,7 b. y. ago. This probably represents a large impact event rather
than an internally driven process. The young age for the co-orbital 198083
most likely records the impact event which split a larger cbject into the two
smaller co-orbitals.

A comparison of the Lunar flux history with the Saturnian satellite impact
flux history proposed here suggests that the flux of impacts was significantly
iower in the Saturnian system, i.e., a factor of 2-3 lower at Mimas than on
the Moon. This is consistent with orbital evolution calculations made
recently by Shoemaker (oral communication) for outer solar system debris.
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VOYAGER PHOTOMETRY OF SATURN'S SATELLITES

8. Buratti, J. Veverxa, P. Thomas, Laboratory for Planetary Studies,
Cornell University, Ithaca, NY 14853

Saturn's satellites exhibit a wide range of albedos (0.GS-1.0) and
of surface scattering properties (Table 1), Figure 1 shows the normal-
ized disk-integrated phase curves of Enceladus, Mimas, Tethys, Dione,
and Rhea derived from Voyager imaging observations. [In Figure 2 these
phase curves are compired with those of Europa, Ganymede, Callisto, and
the Earth's moon. There is a general tendency for darker objects (Moon,
Callisto) to have steeper nhase curves than brighter bodies (Enceladus,
Europa).

Since the brightness of the satellites varies with orbital longi-
tude, the data in Figure 1 have been corrected for this effect using the
method of Noland et al., (1974). Rotational brightness variations de-
rived from Voyager data for Rhea, Dione, and Tethys agree well with
teiescopic observations (Franz and Millis, 1075; Noland et al. {1974);
those of Mimas and Enceladus, which were poorly known from Earth, are
shown in Figure 3. Voyager observations indicate that tre amplitudes of
the rotational lightcurves of these two objects do not exceed 0.20
magnitude, (about 20%).

while the photometric properties of Phoebe, and even Dione and
Rhea, can be adequately described by a lunar-like scattering law, those
of Tethys, Mimas, and especially Enceladus, are more complicated and in-
volve significant Lambert-like components, Figure 3 shows scans across
the photometiic equators of Rhea and Enceladus. [f the data are fitted
using a simplified photometric function of the form

Ho

_Yo
EE

1/F = Af(a) + (1 - A) ug

TABLE 1. Disk-integrated Properties: Voyager Clear Filter ‘~ 0.47 um)

Geometric Phase Pnase Coefficient
albedo, p Integral, q pq (mag/deg)
Mimas 0.6 =+ 0.1 0.8 =9.1 0.5 £ 0.1 0.021 £ 0.000
Enceladus 1.0 =+ 0.1 0.8 = G.1 0.8 £+ 0.1 0.017 + 0.002
Tgthys 0.71 =+ 0.07 0.9 =0.2 0.6 £+ 0.2 0.014 =0.002
Dione 0.47 =+ 0.08 0.5 -0 0.2 £ 0.1 0.0e3 = 0.002
Rhea 8.820 z 0.055 0.46 £+ 0.06 0.2 =+ 0.1 0.016 = 0.002
Phoeb .060 = 0.005* . 0.033 + 0.00;
¢ {0.046 - 0.005 v 0.4 - 0.02 10036 = 0.002

*Values correspond t
et a.., ]982).

o

the brighter and darker areas of Phoebe (Thomas
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where I/F is the fraction of reflected radiation, f(u) is the phase
function, ugy and u are the cosines of the incident and emission
angles, and A is a parameter such that A = 1 corresponds to a lunar
photometric function and A = 0 corresponds to a Lambert function, we
find that for Rhea A = 1.0 is a good fit, whereas for Enceladus the
best fit is 0.30.

The photometric properties of Enceladus have been studied in detail
to search for photometric differences among the different gealogic ter-
rains, We find a marked uniformity of albedoes, colors, and scattering
properties over Enceladus' geologically varied surface. Although some
albedo variations of up to 10% occur in low-resolution Voyager 1 images,
the albedoes of the four major geological units imaged in the Voyager 2
near-encounter sequence (cratered terrain, cratered plains, ridged
plains and smooth pla.ns) differ by 1-2% or less, even though the ages
of these units probably differ by more than a factor of ten (4.5 to 0.1
billion years?). The lack of correlation of spectrophotometic proper-
ties with terrain type suggests that the optical characteristics of
Enceladus are determined by an ubiquitous surface layer of relatively
recent age. The high ceometric albedo implies that the surface layer is
remarkably free of opaque material and is much more backscattering than
is common for natural or laboratory frost layers on Earth.

This research was supported by NASA Grant NSG 7156.
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THE ALBEDO MARKINGS OF IAPETUS
Steven W. Squyres, NASA Ames Research Center, Moffett Field, CA, and Carl
Sagan, Cornell University, Ithaca, NY 14853.

Voyager images of Saturn's moon lapetus (1,2) confirm deductions made
from Earth-based observations of a very dark leading hemisphere and a
very bright trailing hemisphere (3,4). The darkest area lies at the apex
of orbital motion, with a gradual increase in albedo toward the antapex.
The trailing hemisphere is substantially (about 10 times) brighter than
the apex, and the poles somewhat brighter still. The observed albedo
distribution resembles the calculated areal variation of the trans-saturn-
ian meteorite flux (5) remarkably closely. Dark areas correspond to
regions with the highest calculated flux. While there is at least one
dark-floored crater on the bright trailing hemisphere, no bright-floored
craters are apparent anywhere on the dark leading hemisphere.

Several hypotheses have been proposed to account for the albedo
asymmetry of lapetus. Cook and Franklin (5) suggested impact erosion of a
thin ice veneer from the leading hemisphere of a dark essentially silicate
body. 3But Voyager measurements show the dens1ty of Iapetus to be 1.16+0.09
g cm - (2), indicating a bulk composition of ice, not silicates. Soter (6)
suggested that the Teading hemisphere is coated with dark material
ejected from Phoebe by impacts and dragged toward Saturn by the Poyrting-
Robertson effect. This hypothesis is inconsistent with both the large color
differences between lapetus and Phoebe (7) and with the observation of
dark-floored craters on the trailing hemisphere. Smith et al. (2) have
suggested that dark carbonaceous material may have been extruded to the
surface preferentially on the leading hemisphere. However, for the pattern
of eruptive material to so closely match that of the meteorite flux would
require a coincidence of remarkable proportions. The dense N -CH, atmo-
sphere of Titan 1mp11es that NH, and CH, were 1ncorporated 1% that body
when it formed. It is likely, then, tha% Iapetus contains significant
amounts of methane and ammonia, as CH, XH,0 and NH, H,0. We propcse that
the dark material on lapetus is compoé f organit chromephores produced
from CH4-rich ice.

Surface material on Iapetus will experience ballistic diffusion from
regions of high impact flux to regions of low impact flux. Depending on
the amount of material coming from Phoebe, the impact mass flux may vary
from leading to irailing hemisphere by as little as a factor of 2 or as
much as a factor of 100. The low gravitational acceleration of [apetus
allows impact ejecta to travel large distarces. Particles on the leading
hemisphere will have a high probability of being ejected and landing on
the trailing hemisphere, but a smaller probability or being returned by
subsequent impacts to the leading hemisphere. The impact flux gradient
across the body will therefore result in a net ablation of material from
the leading hemisphere ard a net accumuiation of impact ejecta on the
trailing hemisphere. Because CH, XH,0 is much more volatiie than the other
ices, the net result of rany impacts will be to strongly aeplete any
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accumulated regolith in CH4.

Ultraviolet irradiation of water ice and simple organic ices at lape-
tus ambient temperatures (about 779K) is known to yield a variety of more
complex organic products (8); despite the low temperature there is sub-
stantial free radical mobility. Visible wavelength organic chromophores
that might be expected to form on prolonged UV irradiation of CHA/NH /H20
ices on lapetus include conjugated polyenes, polyaromatic hydrocarbofis,
and porphyrins. We calculate that very modest quantum yields are required
to allow UV darkening to keep pace with ablation by impacts on the leading
hemisphere.

A thin dark layer rich in urganics can be maintained only on a
surface that experiences no net accumulation of impact ejecta. This is
because, after a sufficient number of impacts, the ejecta will have been
distilled by the impact process, depleting it of CH, and leaving it
permanently bright. Where net ablation takes place, the surface will be
dark, as ice not depleted in CH, is continually exposed to UV irradiation
by removal of overlying materia?. Where net deposition takes place the
surface will be bright, as the accumulating material will have been
depleted in CH,. The process determining whether abiation or deposition
dominates is bgllistic diffusion, driven by the impact flux gradient.
Because the albedo of a4 surface element depends on the relative rates of
exposure of CH,-rich darkenable ice and of deposition of CH,-poor non-
darkenable ice, the surface albedo contours should follow tﬂe impact flux
contours, as observed. The dark-floored crater on the trailing hemisphere
may be readily understood of it is a young feature: an impact has rela-
tively recently penetrated the bright regolith, exposing CH,-rich ice
which has been UV-darkened but which has not yet had time tg be buried
unde: bright debris.

The surfaces of the uranian satellites probably also contain CH
and NH,, so that the darkening process proposed here may function thgre as
well. “Because there is no known source of retrograde debris in the
uranian system, these satellites should lack the strong albedo asymmetry
of iapetus. Low albedos have in fact been reported very recently for
several of the uranian catellites (9). Conceivably, UV darkening is also
responsible for the very low altedo of the uranian rings, as the very low
gravitational acceleration of the ring particles would prevent accumulation
of a CH,-depleted regolith. There will be an opportunity to investigate
these pdssibilities when Voyager 2 encounters Uranus in 1986.
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OF POOR QUALlTY
PHOEBE: VOYAGER OBSERVATIONS

P. Thomas and J. Veverka, Laboratory for Planetary Studies, Cornell
University; D. Morrison, University of Hawaii; M. Davies, Rand Corpora-
tion; T. V. Johnson, Jet Propulsion Laboratory.

Voyager 2 obtained images of Phoebe for a period of 24 hours from a

range of 2 x 106 km. These data provide information on the size,
rotation rate, surface markings, and photometric properties unavailable
from earth-based observations. The average equatorial and polar diam-
eters are 220 + 20 km, but topography of 10-20 km probably exists. The
rotation was monitored by observation of bright spots and by disk-
integrated brightness variations (Fig. 1), yielding a prograde period of
9,4 + 0.2 hours., Because of the limited resolution of the images (11
pixels across the disk) crater counts cannot be made, but a high crater
density cannot be ruled out. The geometric albedo of Phoebe varies with
longitude from 0.046 to 0.060 (clear filter, A= 0.47 um) (Table 1).
The most prominent surface markings are brighter patches at high north-
ern and southern latitudes that have reflectances as much as 50% greater
than the dark, bland areas. These patches are scattered and do not
appear to constitute polar caps. They may represent materials exposed
by impacts. Even the brightest have reflectances of less than < 12%.
The Voyager color data (Fig. 2) agree with 2arlier ground-based spectra
and show that Phoebe has a flatter spectrum than does the dark side of
Iapetus; this observation is not consistent with simple contamination of
Iapetus by debris from Phoebe.

This research is supported by NASA Grant NSG 7156.

TABLE 1: Phoebe Photometric Results
{voyager Clear Filter: 0.47 um)

Geometric Phase Coefficient

Albedo mag/deg
8rignt Hemisphere 3.060 0.033
} disk-integrated
fark Hemisphere 0.046 0.036 ’
8rignt Squatorial 0.055 0.022
intrinsic
Dark fquatorial 0.043 0.02%

Lightcurve Amplitude

a2 Q° 0.29 mag
1= 280 0.36 mag
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Fig. 1: Disk-integrated
lightcurves of Phoebe.
Numbered symbols refer
to successive rotations.
Period = S.1 hours rela-
tive to spacecraft, cor-
responding to a sidereal
period of 9.4 hours.

a) Assuming a phase
coefficient of 8 = 0.033
mag/deg appropriate to
the brighter areas on
Phoebe ?Tab]e 1).

b) Assuming a phase
coefficient of B = 0.036
mag/deg appropriate to
the darker areas (Table 1).
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Fig. 2: Colors of Phoebe, Hyperion, and dark region
of lapetus, normalized to Voyager green filter.
A1l Voyager 2 data.
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The United Kingdom - Caltech Asteroid Survey
S. J. Bus, E. F, Helin, R. S. Dunbar, and E. M. Shoemaker
California Institute of Technology

J. Dawe, J. Barrow, M. Hartley, D. Morgan, K. Russell and A. Savage
Royal Observatory of Edinburgh

The U.K.-Caltech Asteroid Survey (UCAS) is a systematic survey for
faint minor planets carried out with plates taken with the U.K. 48-inch
Schmidt telescope at Siding Spring, Australia. The long-term goal of the
survey 1is to establish accurate orbits for about 1,000 faint asteroids
sufficient for their recovery and for physical observations at any time in
the future (orbits meeting the requirements for numbering and for yearly
publication of ephemerides). One immediate objective is to estimate the
population of faint Mars-crossing asteroids with the precisiou needed to
calculate collision and cratering rates on Mars, and thereby to establish
the absolute chronology of the cratering and geological time scales on
Mars. Longer term objectives include determination of the distribution of
compositional types among small main belt asteroids, especially among the
small members of the principal Hirayama families. The planned launch of
the Infrared Astronomical Satellite (IRAS) was a further incentive to
establish accurate orbits for faint asteroids so that the observations from
IRAS could be utilized to determine albedos and sizes for an extensive
sample of small asteroids.

The basic strategy of the initial UCAS survey was tc photograph a
12° x 18° area of sky repeatedly for a period of 3 months. An area of sky
this large was clnsen in order to reduce the percentage of objccts lost by
motion beyond the photographed field. Six individual Schmidt fields, each
6.5° x 6.5°, are required to cover this area with some overlap along
ad joining edges of the fields. This coverage is similar to that of the
previcus Palomar-Leiden Survey (PLS) for faint minor planets of Van Houten
et al. (1970); however, in order to sample objects in high inclination
orbits with less blas than the PLS, the long edge of the photographed area
was oriented north-south., The area surveyed extends from ecliptic
latitudes +2° to -16°. 1In order to follow the motions of the asteroids,
the plate centers were shifted to follow the average component of motion of
main belt asteroids parallel to the ecliptic plane. Weather patterns, the
positions of the ecliptic and galactic planes, and the locations and phases
of the moon were all factors considered in planning the timing of the
photographed fields.

A tctal of 85 photographic plates for UCAS were obtained from February
to May, 1981. Hydrogen-soaked 14 x 14 inch Kodak IIla-J] plates were
exposed with a Schott glass GG-395 filter. Exposures varied in length from
45 minutes to 70 minutes to reach a preferred central sky density of 1.0
above fog. Sensitometry spcts were applied to all the plates during their
exposure in the telescope to aid in photographic photomeiry of the
discovered objects. The initial observing scheme called for photographing
the entire 12° x 18° area twice during each of the dark moon periods in

53 o
BaGE s &
PRECEDING PAGE bLANK NOT rILMED L"‘*mm‘fIONA!.J.Y BEang

e~



ppR———_—

February and May, and at least three times during the dark periods in March
and Aprii. The center of the photographed area was selected to pass
through opposition on March 20. This corresponded approximately to the
equinox, and also to full moon. Thus, the surge i{n the brightness of
objects due to the opposition effect was, tu some extent, avoided. The
three sets of observations in both March and April were to be spread over
at least 10 days. From these observations, short arc crbits could be
independently calculated for both March and April, which would simplify the
process of linking observations from one dark period to the next. Weather
encountered at Siding Spring during the months of the survey, however, did
not allow for this strategy to be completely followed. Four observations
spanning arcs of 10 to 14 days were obtained in the March dark period, but,
in many cases, only one good observation in April was available. The
photographs taken in February and May are adequate to determine three month
arcs for most asteruvids discovered, although the February and May
observations were also adversely affected by the weather.

The plates were quickly inspected after processing to find any objects
which needed immediate followup. Any asteroid whose motion would not be
followed by the average shift of plate centers could be followed up
independently. Comet 1981b was discovered by this initial scanaing, but wo
specially fast-moving asteroids were found. Glass copies of the original
plates were made at the U.K. Schmidt Telescope Unit. The originals and one
set of coples were then sent to Caltech/JPL for reduction.

To date, the plates taken during March and April have been visually
scanned and all measurable asteroid trails have been identified. The
probability of detecting an asteroid trail by the visual methods used is
about 98 peccent for objects at least 0.5 magnitude above the plate
limit. Owing to the exigencies of seeing conditions, the plate sensitivity
varies considerably between some of the exposures, so that many faint
asteroids are recorded only on the best plates.

Astrometric positions are being measured with the X-Y measuring engine
of the Mt. Wilson - Las Campanas Observatories. Conversion from
rectangular to celestial coordinates {s made using plate constants
determined from a second-order fit to approximately 50 reference stars
distributed over each plate. Typical residuals from the fits made to the
reference stars average l.4 aiccseconds. Owing to the small number of
observations obtained during April, short arc orbits are only determined
from the March observations. An ephemeris is generated from this orhit to
identify the objects in April, leading to a refined orbit determined from
the one month arc. The ephemeris generated from the one month arc will
thea be used in linking observations from February and Mayv. These
measurements, preliminary orbits, and preliminary rough estimates of the
visual magnitudes are being reported to the Minor Planet Center of the
Smithsonian Astrophysical Observatory for publication in the Minor Planet
Circulars.

At the time ot writing, plates taken in March and April of the two
southern most fields had been measured and orbits for 185 asteroids had
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been calculated. All but one or two of these asteroids are unnumbered.
All of the objects have inclinations above 4°, owing =~ the ecliptic
latitudes of the field tudied. Four of the new asteroids are Mars-
crossers and one is an Earth-crossing Amor (Table 1). The Amor (1981 ET3)
was discovered near aphelilon, at which time its apparent motion resembled
that of main-belt asteroids. Several of the asteroids found have been
linked to objects discovered in the Palomar-Leiden Survey.

On the basis of the asteroids detected in scanning the plates from
March and April, we expect to obtain a minimum of 1,000 orbits for which
the observed arc will span 2 to 3 months. Approximately 500 more objects
will be reported with orbits based on relatively short arcs. In the coming
years the main task of the survey will be to obtain observations at future
apparitions and from plates taken in previous years, in order to establish
reliable orbits for the long term. Observations for 1982 apparitions are
now being taken on the Palomar 48-inch Schmidt. The Earth-crossing Amor
(1981 ET3) was recovered in 1982 and its orbit is now secure. Once the
astrouietry and initial orbit calculations have been completed, an attempt
will be made to determine accurate magnitudes fcor all objects from
measurements by a high precision scanning densitometer. Where feasible, we
will determine approximate phase coefficlients for each asteroid observed.



Table 1. Planet-crossing asteroids discovered tc date in the UCAS Survey

1 2
Asteroid q(AU) a(AU) e i B(1,0) Aa(AU)—/ A3(AU)_/
1981 Er3 1.022 1.769 0.422 22°.16 ~15.5 -0.685 -0.027
UCAS 3210  1.645 2.319 0.291 7°.97 ~17.0 -0.078
UCAS 3169  1.659 2.368 0.300 12°.08 ~15.5 -0.037
1981 EJS 1.702 2.200 0.226 4°.94 ~16.0 -0.056
1981 EC3 1.783 2.357 0.244 7°.74 ~17.0 -0.027

41/ b, is the deepest overlap of the orbit of the asteroid with the orbit of
M2rs along the radius vectcr ts the node as calculated by the method of
Williams (1969, 1979). A negative value indicates that the radius vector to
the asteroid orbit at the node is less than the radius vector to the orbit of
Mars.

2/ 4, is the deepest overlap of the orbit of the asteroid with the orbit of
the garth, as calculated by the method of Williams. A negarive value -f A,
indicates that the asteroid is an Earth crosser, capable of colliding :.th the
Earth solely as a consequence of secular perturbations of the orbits of che
asteroid and the Earth.
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A STOCHASTIC MODEL OF REGOLITH
EVOLUTION ON SMALL BQODIES

Kevin R. Housen
Shock Physics and Applied Mechanirs, -5 13-20
Boeing Aerospace Company
Seattie, Washington

The geological evolution of small solar-system bodies has been dominated largely by
impact cratering. A major consequence of impacts on these budies is the formation of
regoliths., Models of regolith evolution have been constructed (Hcusen et al., 1579;
Langevin and Maurette, 1980), but have cunsistently approached the problem from a
determinate point of view. A statistical approach, adopted here, necessarily yieids a

wider body of information.

Consider a fictitious population of a large number of initially indistinguishable astercids.
Each body is subjected to the samec impacting-projectile population. The amount of
regolith developcd on any given asteroid depends primarily on three factors. (1) The
number of craters as a function of size. For example, a body which ha; been pelted by
many small impacts should develop less regolith than an asteroid with a larger proportion
of big craters because large craters are the ones respensible for creating new regolith via
excavations into bedrock whereas smali craters merely rework existing regolith. (2) The
order or occurrence of craters. The regolith should be relatively deep if the largest
craters form late in the evelution. 1f they occur early, then much of the regolith they
generate will be ejectad from the asteroid by numerous small impacts. (3) The relative
positions of craters. As mentioned above, new egolich is generated when craters
puncture through the existing debris layer and excavate bedrock. On some bodies the
larger crate:s will, by chance, occur in the regions where the regolith layer is very thin
corapared to other areas on the surface. Such bodies will develop more regolith than
those asteroids on which the large crat-rs preferentially formed in the deeper parts of the
debris layer. These three guantities are all random variables, i.e., we cannot exactly
predict the number of craters produced on an asteroid (even tnough an average crater flux
might be specified exactly), their crder ot occurr-~nce or their reiative posidons. Thus,

corresponding to each body 1s a unique surficial distribution of regolith depths.
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The distribution of regolith depth can be determined by, considering the evolution at a
randomly chosen point on the surface of an asteroid selected at random from the
population of bodies. The depth is a random vairable for ‘the three reasons mentioned
above and because the surface point was chosen as random. The probability that the
depth is less than some value, x, is denoted by P(x,t), where t denotes the evolution time.
P(x,t) can be found by noting that the probability that the regolith depth is less than x at
time t+dt is just the sum of two componerits: (1) the probability that the depth was less
than x at time t and that there were no cratering events which affected the depth in the
time interval dt and (2) the probability that the depth was less than some value, say x-u,
at time t and that a cratering « vent occurred in dt which changec the depth by an amount
u. That is,

X
P(x,t+dt) = P(x,t) (1- Adt) + Adtf P(x -u,t) g(u) du (1)
-00

where Adt is the probability that a cratering event affected the regolith depth at the
point in the time interval dt (Poisson statistics). and g(u)du is the probability that the
depth was changed by an amount u during the event. Note that A is just the rate at which
events occur. The function g is determined by crater and ejecta blanket morphology.

Taking the limit as dt approaches zero one finds

BRI - pt) + [ Plx-ut gl )

£
A
=00
Housen (1981) has shown that if an asteroid does not experience a net gain cf mass in an
impact then P becomes independent of time, for large t. That is, the regolith settles into

a state of statistical equilibrium. A characteristic time, tes required to reach equilibrium
is given by

2

58



where m, and m, are the first two moments of the function g, i.e., the mean and variance
of the change in cegolith depth caused by a cratering event. Values of t, and estimates of
mean lifetimes against collisional fragmentation for several sizes of asteroids are listed in
Table I. For most sizes of bodies the time to reach equilibrium vastly exceeds the
fragmentation lifetime and even the age of the solar system. These bodies are
fragmented long before equilibrium can be attained. Hence, regolith models which
assume equilibrium are questionable (e.g., Duraud et al., 1979).

The probability distribution of regolith depth at the time of a catastrophic fragmentation
can be found from equation (2) by numerical methods. An example of such a numerical
solution is shown in Figure 1, which appl:es to a 300 km diameter rocky asteroid. The
mean regolith depth is found to be 3.3 km. The probability density function, i.e., the
probability that the regolith depth is in some interval dx, is shown in the figure as a
dashed curve (with no vertical scale). The broadness of this curve implies the regolith
depth varies considerably about the mean value. In fact the standard deviation of the
regolith depth is roughly equal to the mean. Thus, models of regolith evolution should
address more than just average values. Note that the large standard deviation results
from variations in regolith depth over the surface of any given asteroid and from
variations between "otherwise similar" bodies. Housen (1981) has shown that these two

components of variance are comparable in magnitude.

The mean regolith depth for three sizes of rocky asteroids and a Phobos-size body
comprised of a much weaker material are listed in Table 1. The largest asteroids should
develop several-kilometer thick debris layers. The depth decreases for smaller bodies
because more ejecta escape and because the collisional lifetimes are shorter. Rocky
asteroids smaller than a few tens of kilometers in diameter should develop very little
regolith. The Phobos-size body 1s able to generate a substantial debris layer because
ejecta velocities are rather low in the assumed weak target material. Note that Veverka
and Thomas (1979) estimate the regolith depth on [ .obos to be of order 100m in

agreement with the estimate given in Table |.

In all cases thr standard deviation  is comparable to the mean. These large stochastic
variations should give rise to large differences in regolilths for asteroids of similar size.
As a result, spacecraft imagery of asteroids can be expected to reveal a wide variety of
surface morphologies. Indeed, the observed morphological differences between Phobos
and Deimos may be largely attributable to "statistical fluctuations."”
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Time to reach Fragmentation Mean depth
Asteroid equilibrium lifetime at frag.
1000 km, rocky 800 b.y. 5 b.y. 7.2 km
300 km 50 2.5 3 km
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Figure 1: The probability distribution of regolith depth for a 300 km diameter rocky

asteroid.
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ICE-POOR REGOLITH DEVELOPMENT AND DESTRUCTION ON SMALL ICY-DUSTY OR ICY-ROCKY OBJECTS,
F.P. Fenale and J.R. Salvail, Plenetary Geosciences Division, Haweii Institute of Geophy-
sics, University of Hawaii at Manoa, Honolulu, Hawaii 96822.

Development of 1{ce-poor/silicate-rich "mantles" on cometary objects has been
described by several investigators and has been the subject of at Least one detailed quan—
titetive model (Brin & Mendis, 1979; Brin, 1980). Ice sublimation is the creator, the
"boiter"/disrupter, and the Llauncher of ice-poor regoliths. In our model, the mejor phy-
sical proccsses which are quantitatively described are: 1) Modification of the periodic
orbital thermal "wave" that resches buried condensed volatiles, by the finite thermal con-
ductivity of any overlying ice-poor regolith, 2) Modification of the vapor outflux by the
finite and changing vapor diffusivity of tha incipient regolith, 3) Tha effect of volatile
flux and preferential launching of smaller greins on the thickness and grain size distri-
bution of the regolith, 4) Continuous feedback of developing regolith properties into the
thermal and vapor transport described in "1." and "2." §) The compound effects of multi-
ple pesses.

The model includes Letent heet effects, H,0 and CO; properties, obscuration by
stresming dust, ond possible transitions from one dominant volatile loss mechanism to
snother (see below). In its preliminary form, it does not currently include scattering
effects of ice halos or global effects such as systematic launching of grains from ona
region on a comet eccompanied by their systematic accretion on another. Also, because of
the complexity of the mantle development model, we have not yet coupl'ed it with sophisti-
cated insolation histories for comets with appropriste rotation rates, orbits end obliqui-
ties. Rather we have so far considered only two latitudes on comets with archtypical
orbits end an obliquity of 90 degrees. We hope to consider more interesting and realistic
orbits, obliquities and rotaticn rates.

Despite the preliminary stage of the investigation, ocur results suggest some generel
inferences: An object in an “archtypical” short period cometary orbit can undergo at
lesst three distinct phaeses of regolith development including 1) A molecular diffusion
phese, when the gas:siticate ratio of the outflux 1s high hut the gas flux 1s very Llow.
This phasse is most effective - 3-5 AU and a comet in near circutar at this hetiocentric
distance would probably first deveiop e water ice and dust regolith poor in other vole-
tiles and then, ultimately, 8 permanent silicate-rich regolith. In this phsese, the regol-
jth inhibits vepor flux and thermal flux yia its porosity end ebsorptive proparties which,
in turn, are deatermined by grain size distritution and prior histuory. 2) A phsse [onset
“3AU) in which the thermally controlled volatile flux cen in turn control the regolith
geometry by regolith-disrupting processes, commencing when ges pressure exceeds Lithos—
tatic pressure., The transition from molecular diffusion through 8 fixed regolith matrix
to volatile flux control of the matrix geometry might be . ncous in some weys toc the
transition from still eveporative processes to boiling. g the molecular diffusion
phase iaunching of evsn small grains by H,0 sublimation alv (without participation of
other ices) is extremely 1neffective. However, during tha disruption/boiling phase, HEO
sublimaticn rates approech free sublimation of dusty H20 ice, and can generally launch a
subetential dust flux, albeit still strongly wsighted to firner gra:ns.,, 3] At small
heliocentris distences ("1AU]) launching of grains can become indiscriminste and at very
small dicilences (~.3AU) even H20 sublimation can launch Llerge boulders. However the
dependenca of lsunch ability cn heliocentric distance and ice composition is greatly
moderated by latent heat effects. Teble I gives a rough idea ot these dependencies. How—
ever it should be borne in mind that the values in this tebla are for {1deelized thermel
histories - & fixed subsolar point or e fixed 60 degrees incidence angle — and may not be
generally epplicabla to comets. Ouring the indiscriminate leunch phase, ejectae have the
sams H20: rock flux ss the comet mass, and severe erosion occurs in steady state and is
not eccompanied by any ice poor-regolith rstention.
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An ice poor regolith is "self-protecting” and mantle growth is "“self-aggravetiny"
because 1) A mentle modulates tha thermal shock experienced at the buried ice interfasce
near perihelion, Even with thermal trensfer in radietive, conductiva and convective
modeg, & static mentle of sufficient thickness and fineness can protect and enlarge ftself
becsuse of its insulating properties and further suppress the volatile flux ditfusing up
through it for any given thermal history. Also, the thicker the existing regolith the
less vulnerasble it is to physical disruption by sn excess of vapor pressurs over its
Lithostatic pressure. Herce whether @& particular comet undergoes the above transitions
depsndr on whether incipient regolith growth achieved gince the Lest perihelion is suf-
ficient to protect tha mantle egainst the next psrihelion. If it is, then the mentle will
irreversibly evolve tc permanence. If not, the comet will cycle reversibly through the
preceding stages until it is globatly dissipeted. It would appear that any virginal fcy
rocky object pleced in an orbit with perihelion <1AU would have little chance of develop—
ing a permenent regolith (except for "global" effecte mentionad above whic.. are not con-
sidered here). Hence it would disappear after, say, hundreds of pesses. On the other
hand, any postulated existing initial mentie of “4cm or more could protect itself even at
8 perihelion distence of ~1.7AU if only Hno ice were present. A much grester initisl
thickness of ice poor mantle would be required if the comet expected to survive & T?ETE%T
Apotlo perihelion passage at 0.7AU without beginning to cycle, If an {ce-poor regolit.
did survive initial passage intact, it would stay in the molecular diffusion stage end
would grow asymptotically with time to a thickness of perhaps several tens to hundreds of
meters - depending on exact vapor diffusivity end heliocentric distances. Whether the
"cometuory” core of such an object would be detectsble by remote sensing techniquos in lieu
of cdensity measurements is a fescinating question, and the water flux itself is probably
the most telling clue to such an object. The greater the sensitivity of gas flux measure—
ments, end the greater the range of heliocentric distances et which these can be mede on
objects in eccentric orbits, the more chance of eveluating the actual nature of cometary
regolith evolution by observing phenomena such as the sharp hypothesized transition
between inc~essing molecular diffusion and the beiling/disruption phase or predicted
strong variations in the HEO: dust ratio.

In genersl, the main difference between our model results and those of others is
thet, where sppropriate, we allow Knudsen flow (where mantle properties control the flux}
and not continuum flow be the rate limiting mode of vepor transport. As a consequence,
the inhibiting effect of eny incipient regolith which develops toward aphelion is a very
effective barrier to development of what would otherwise be e multicentimeter ice poor
regolith.

Table I. Minimum* Requirements for Launching Silicates
From a Comet With Albedo = 0.1, Radius = 2 km

Maximum Required Required Required Required Required
Launchable Hy0 (CO) T for Insolagion AU {f AU 60°
(Radius, cm) Flyx, Flux, *K erg/cm‘sec Subsolar Latitude
g/cmésec Point
1 x 1004 1.2 x 10-9 15t 2 6 x 104 6.9 4.9
(dust) [2.3 x 10-9) (97} (6 5 x 103) (16.8) 111.9]
1 x10-2 1.1 x 10-? 170 4.6 x 104 5.2 3.7
(sand) (2.2 x 10-7) (113} 9.4 x 103] (11.5) 18.2]
1 x100 1.1 x 109 195 3.7 x 109 1.8 1.3
(pebbles) (2.0 x 10-9) (135] (1.4 x 103) (3.0} (2.2)
1 x102 9.7 x 1074 229 2.8 x 107 0.21 0.47
(boulders) (1.7 x 10-3) 1168) (1.1 x 107} [0.34] [0.76)
1 x103 9.3 x 10-3 250 2.6 x 108 .07 0.05
(large (1.7 x 10-2) (191) (1.0 x 106) (0.11) (0.08)
boulders)

¢ assume launch accomplished with diurnal maximum flux

Referencea: Brin, G.D. snd Mendis 0.A., Dust Relesss snd Mantle Development 1{n
Comets, The Astrophysical Journsl, 229, 402-408, 1979. Brin, G.D., Thrae Models of Dust
Layers on Comet Nuclai, The Astrophysical Journel, 237, 265-278, 1880.
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Albedo and morphological characteristics of asteroidal abjects derived from Llaboratory
simulations.

M.A.Barucci and M.Fulchignoni

Istituto di Astrofisica Spaziale (NR, Reparto di Planetologia, V.le dell'Universita, 11
00185 Roma, Italy

Astervids are the largest population of solid bodies in the Solar System which
may be the key for understanding the processess occurred during the formation of the
planets from the protosolar nebula and the final phases of the planetary accretion

bue to the lack of space missions toward the asteroids, all the available information
about such an interesting set of bodies has been obtained with telescopic observations
and has been collected in the TRIAD catalogue. An atlas of asteroids' photometric light
curves is in preparation (Barucci et al., 1983) and it will contains all the Llightcurves
published in the worldwide Lliterature.

The photometric Llight curve of an asteroid 1is affected by several parameters:
1) the shape of the object; 2) the orientation of the asteroid in space with respect
to the Earth and the Sun; 3) the morphological surface characteristics; 4) the variation
of the albedo properties of the surface materials. Points 3 and 4 are connected both
with the chemical composition of the outer layers and with the evolutive history of
each body.

The aim of our experimental research is to understand the effects of each of the
above listed parameters on the light curve of an asteroidal model by means of Laboratory
sirulations.

an attempt to reproduce esperimentally the observed asteroid light curves using
12 different rotating asteroid models (Dunlap 1971) yielded far from satisfactory results;
this particular research Line was therefore abardoned.

Qur research program can be schematized as follows:

1. Setting wp of the experimental device S.A.M. (the achronim stands for System for
Asteroid Model);

2. Study of the effects of the variation of the orientation parameters on the lightcurve
of regular and homogeneous bi-and triaxial ellipsoid models;

3. Study cf the influence of albedo variations (black and white patche s)on the amplitude
and shape of the light curve.

4. Study of the influence of the surface morphological marks (craters, ridges, rilles,
etc.) on the amplitude and shape of the light curve;

S. Study of the scattering properties of the models' coating materials;

6. Study of the dependence of the Llight curve on the chemistry of the surface materials.

The present state of the research program listed under points 1 to 6 aove is
as follows: worc on points 1 and 2 is completed, points 3 and & have been looked into
and some interesting results have been obtained, preliminary results are available
for point 5 and more measurements are in progress while the experimental work connected
with point 6 is still in a preliminary stage.

Here below we describe the states of the art and discuss the cbtained results.
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1. Description of the S.A.M.

The experimental device named System fur Asteroid Model was built by A.Di Paoloantonio
and C.Giuliani in the workshop of the Collurania Observatory (Teramo, Italy). The S.A.M.
is composed by: i) a mechanical support for the asteroid models which allows the automatic
variation (by means of step motors) of the model orientation parameters (i.e. aspect,
obliquity and phase angles) with respect to the light source and the observer; i1)
a light source which produces a parallel beam of quasi-solar light; 1i1) a photometer
which collects the (ight reflected by the model; iv) an electronic interface, which
drives all the mouvements of the model, 1i.e. rotation around the polar axis and the
set-up of its orientation; v) a recording system, which gives the resulting light curves
both on paper rolls and on magnetic tapes. A more detailed description of the S.A.M.
can be foud in Barucci et al. (1982).

2. The effects of the variation of the orientation parameters on the lightcurve of
bi and triaxial ell:psoid models.

Several sets of measurements on five different bi- and triaxial ellipsoid models
have been carried out, taking into account previous results both theoretical (Barucci
and Fulchignoni) and numerical (Surdey and Surdey 1978). The parameters characterizing
the shapes of the used models are listed in Table 1.

TABLE 1
Model N. Shape a a/b b/c Material
1 Biaxial 10.C0 1.67  1.00 wood
2 Biaxial 8.00 1.6 1.00 wood
3 Biaxial (cigar) 8.00 2.67 1.00 wocd
4 Triaxial 10.00 1.43 1.17 wocd
5 Triaxial(9 Metis) 8.00 1.29 1.70 Plaster of Paris

The models, all homogeneous and regularly shaped, have been sprayed with grey paint thus acqui-
ring a uniform albedo of 0.4-0.45.

For each model we obtained 147 lightcurves, varying respectively the aspect angle
from 3° to 90° (step : 159, the ooliquity angle from (° to 20° (step : 159 and the
phase angie in the range 0° - 359 with steps of 79 (the phase angles have been selected
in order to reproduce the observatiomal conditions). The results obtained by the S.A.M.
are in excellent agreement with the theoretical cnes and can be summarized as follows:

- the variation of the hightcurve amplitude with the aspect is larger with increasing
values of the aspect angle;

- the erfect of the cbliquity is negligible for smal! hase angles while it is predominant
for phases larger than 25¢-30°;

- the highe. the phase angle, the larger is the maxim.m amplitude of the Light curve;
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- the amplitude of the Llight curve grows with the aspect angle as a function of the
ratio a/b. Furthermore n the triaxial ellipsoid models as an effect of the ratio b/c,
the amplitude values for intermediate aspect angles are lower than in the corresponding
biaxial models.

3. Influence of albedo variations.

The data have been obtained by the S.A.M. using black (albedo 0.2) and white
(albedo 0.9 c.rcular patches on the gray models. The patches have different diameters
D (da/D ratios equal respectively to .125, .187, .250) and were located respectively
1) on the oole of the model, and along the equator corresponding to ii) the minimum
area side and 1ii) the maximum area side. The polar albedo variations do nmot affect
the amplitude of the Llightcurve, but their influerce is revealed by an increase (white
patches) and a decrease (black patches) in the absolute magnitude of the objects. the
following significative variations in the shape of the light curves are caused by the
presence of the equatorial patches: the minimum (case 1i) is deeper with the black
patches and more shallow with the white ones while the maximm (case iii) is higner
with the white and lower with the nlack patches. an example of the magnitude variations
and their dependence on the patches' dimensions is given in figure 1.
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fig.1 - Varistions of the Lightcurve amplitude vs. aspect angle due to
black urd white albedo patches Located respectively on the minimum area
side(leftdand the maximum area side(right)of an asteroidal model(a:b=1.29,
b/c=1.70).The curves refe- to different size ptches with diameter/a ratios
D;=.250, D,=.167,D =.125.
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4, Influence of a large crater on the Light curve,

The study of the influence on the Light curve of the asteroid surface morphology
has been recently undertaken. At the present time measurements have been carried out
on models with a large crater (2a/D=.25) located in the center of both i) the mini~um
and i) the maximum area side. The influence of such a crater on the Llight curve is
negligible within the experimental errors ( 0.02 mag).

5.Scattering properties of the coating materials.

The scattering properties of the spray point have been investigated and some measure-
ments are reported in fig.2.
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Fig.2 Ratio of the brightness (e )/brightness (0°)of
a painted plane surface vs. the angle of emergen-
ceg oer various value of the angle of incidence 1.

We are studying *hese results in order to obtain an analytical and/or a rumerical
expression for the scattering, taking into account works published by Lumme and Bowell
(1981), Thompson and Van Blerkom (1982) and in progress at the Cormell University (Gradie,
1982).

¢.Chemistry of the surface materials.

We are working on the preparation of a coating mixture, which allows us i) to vary
the chemical composition of the surface of the used models; i) to operate easily changes
in the surface morphology; iii) to ensure the control of the granulometric distribution
of the adopted materials,
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L CHONDRITES: A PHOTOGEOLOGIST'S SEARChH FOR PHYSICAL PROCESSES

Charles A. Wood and Alan Silliman,* Johnson Space Center, Houston, TX
77058. #NASA Planetary Geology Intern, 1982,

Chondrites are the most common type of meteorites, comprising 51% of all
known specimens, and 87% of all recovered falls (Dodd, 198)). H and L
chondrites are very rearly equally represented with 589 H's and 578 L's
currently known (exclusive of Antarctic finds). Despite, or perhaps be-
cause of, the large number of meteorites, meteoriticists have never com-
piled comprehensive catalogs of meteorites that list properties other than
fall characteristics and petrologic type (e.g., Hey, 1966; Hutchison et
al., 1977; and Motylewski, 1978). The large number of meteorites invites
statistical investigation, and toward chat end we are compiling catalcgs
of physical and chemical data for H and L chondrites (Wood and Lee-Berman,
in prep; Wood and Silliman, in prep.). The catalogs - Houston Chondrite
Register - contain the following data for each meteorite:

name, petrologic type, fall location, fall date, fall hour,
mass, Fa 4 in olivine, total, wt. % Fe, SiO./Mg0O, shock class,
metallographic shock class, He abundance, U,Th-He gas retent-
ion age, K-Ar gas retention age, and exposure age.

These parameters were selected (1) to represent the basic chemical and
physical characteristics of the meteorites, and (2) to ease data collect-
ion because many of them have been previously compiled in various public-
ations. One of the major results of the cataloging effort is the real-
ization that all of the basic data types listed above are available fcr
only 8 meteorites (8 out of 1167!), and only mass and olivine composition
are available for significantly more than 50% of the samples. A large
number of analyses are still needed to provide the chemical, shock, and
age data that are basic to understanding meteorites.

Partial analysis of the H chondrite data has resulted in the dis-
covery of meteorite streams identifiable through clustering in exposure
ages (Wood, 1982a, b). The L chondrites do not, apparently, travel in
such well defined meteorite streams, but other interesting characteristics
have been noted:

Fragmentation of L Chondrites: Few L chondrites are smaller than 2
kg, and the largest is 600 kg. Although there is considerable scatter the
average mass of L chondrites decreases with increasing exposure age (Fig.
1). All L's weighing >5C kg have exposure ages <25 m.y., and no L with
exposure age >25 m.y. weighs >50 kg. This relationship may be due to
fragmentation both in space and in the Earth's atmosphere. A stone that
was last involved in a large scale collision (which reset the exposure
age) 30-50 m.y. ago may have since experienced repeated, lower energy col-
lisions which failed to fragment it but did produce zones of weakness,
resulting in significant fragmentation in the Earth's atmosphere, and thus
only a small percentage of the meteorite survived. Alternative interpret-
ations (such as higher average collisional velocities >25 m.y. ago) are
possible.
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Shock Histories: Strongly shocked meteorites (shock facies e and f
of Dndd and Jarosewich, 1979) invariably have young gas retention ages -
that is, the last big collision which reset their U,Th-He clocks occurred
during the last 1.5 b.y. (Fig. 2). This confirms the original discovery,
based on a smaller data set, by Heymann (1967) who interpreted the relat-
ion in terms of partial resetting of ages for meteorites that were shocked
only weakly. Avallable Ar-Ar ages, which more accurately date the shock
event, indicate that Heymann was correct, for there i3 no evidence for
major collisions older than approximately 500 m.y. ago. This implies that
L chondrites were not comnon as meteorites, nor presumably as crater-
forming projectiles, prior to about 500 m.y. ago. The only terrestrial
impact crater thought to have been formed by an L chondrite is Brent
(Grieve, 1978), which is 450 m.y. old (Lozej and Beales, 1975). A second
finding relates shock history to travel time to Earth: the average expos-
ure age for L chondrites with gas retentjon ages >600 m.y. is 15.7 m.y.
but only 7.7 m.y. for meteorites involved in the 500 m.y. shock event.
Perhaps ejecta from the 500 m.y. collisional event was placed into an
orbit more favorable for derivation of meteorites than material not invol-
ved in the collision. Finally, these findings suggest that exposure age
is a rough guide to both shock age and intensity for L chondrites.

Enigmatic Relations: Recognizing the above expocture-shock age tend-
ency for L chondrites we have divided the meteorites into two extreme pop-
ulations. The "young" group (n = 28) consists of those stones with U, Th-
He ages -1 g,y. and exposure ages <8 g.yi the "old" group (n = 31) has
U,Th-He ages -Z b.y. and exposure ages 220 m.y. These two groups are re-
markably different in chemistry, macs, and hour of fall, but have virtual-
ly idertical distributions for month of fall and petrologic type (Table
1). Nute that the difference in average % Fa (Fig. 3) is statistically
significant, and that the second value for average masss discounts the
single largest stone in eacn group. The greater mass of the young group
is consistent with Figure 1, and the difference in olivine composition
suggests that the two groups may represent different parent bodies. The
remarkable concentration of daytime falls for the old group must reflect
some unique orbital coherence or velocity structure.

References: Dodd, R. T. (1981) Meteorites, Camhridge Univ. Press.
Dodd, R. T. and E. Jarosewich (1979) Earth Planet. Sci. Lett. 44, 335,
Grieve, R.A.F. (1978) Proc. Lunar Planet, Sci, Conf., 9th, 2579. Hey, M.
H. (1966) Catalogue of Meteorites, British Museum. Heymann, D. (1967)
Icarus 6, 189. Hutchison, R., A. W. R. Bevan, and .. M. Hall (1977)
Appendix to the Catalogue of Meteorites, British Museum. Llozej, G.P. and
F.W. Beals (1975) Can. J. Earth Sci. 12, 606. Motylewski, K. (1978) The
Revised Cambridge Chondrite Compendium, Smithsonian Astrophysical Lser-
vatory, Cambridge, Mass. Wood, C. A. (1982a) Lunar Planet. Sei. 13, 873.
Wood, C. A. (1982b) u45th Ann. Met. Soc. Meeting, Abstracts, XIII-10 Lunar
and Planetary Inst. Houston, Wood, C A. and R. Lee-Berman (in prep.)
Houston Chondrite Register - H Chondrites. Wood, C. A, and A, Silliman
(in prep.) 'louston Chondrite Register - L Chondrites.
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Double or Multiple Cometary Nuclei?

Fred L. Whipple
Smithsonian Astrophysical Cbservatory

The question as to vhether double or multiple cometary nuclei migh«
t-2 verponsible for comet splitting discussed by Whipple and S*: "aaik
£1963), has been raised again by Van Flandern (1981). Because the separa-
"1'n o multiple cometary nuclei rendered orbitally unstable by. solar
rravitation would not stress the nuclei, outbursts of activity chould not
accompzny such separations, contrary to the frequent simultaneous occur-
ence of outbursts and splitting.

The introduction of ditferential nongravicaticnal (DNG) forces into
the theory drastically chenges the situation. If the primary nucleus and
its smaller satellites suffer DNG accelerations rac.al to the Sun compar-
able to those observed for many comets, the perturbations must exceed
the direct solar differential acceleratiuns for a fairlv cightly bound
system when traversing the inner solar system, The result in the coplane.
case (comet orbit and satellite orbit in the same plane) ir simply deter-~
mined and is typical of the more general case. The semimajor axis of the
pair suffers nc change but the orbit generallv swinys around so that the
eccentricity of the orbit increases. Finally the satellite encounters
the nucleus. Thia should produce a violen® disruption of material even
at the low velocities involved (meters/sec). Hence a violent outburst
should occur, pcssibly two or more on successive revolutions.

It is suggested that two major outbuvcsts of 9 nagnitudes or 4000
times in brightness fur two faint short-period comets, P/Tuttle-Giacobini-
Kresak in 1977 and P/Holmes in 1892 may be cauzed by such encounters.
Otherwise it 1s difficult to understand how such old comet nuclei,
presumably the cores of much greater comets, could suddenly exhibit such
violent activity.

Statistical evidence, on the other hand, suggests that comet splitting
in general and most typical cometary outbursts arise from the intrinsic
properties of the nucleus material. Newer comets with a greater proportion
of active volatile material show a much greater chance of splitting than the
remanent cores of older comets.

REFERENCES
Van Flandern, T.C. 1981, Icarus, %7, 412-430.

Whipple, F.L., ang Stefanik, P., 1966, Nature et Origine des Cometes,
Mem. Roy. Sci. Liege, 5thy Ser. Vol. 12, 33-52.
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TECTONICS AND SURFACE ROUGHNESS OF VENUS: A PROGRESS REPORT
Gerald G. Schaber, Philip Davis, Richard C. Kozak, and Eric M. El.ason -
U.S. Geologica! Survey, Flagstaff, AZ 86001

Considerable progress was made during 1982 in the investigation of
Venus' tectonics and surface-roughness variations. A formal report
describing 1imited extension and volcanism along zones of global
lithospheric weakness on Venus was published by Schaber (1982), and
these data were also presented at the Planetary Rifting Conference in
the Napa Valley, Calif., in December 1981.

Investigation of the distribution of surface roughness on Venus has
heen centered during 1982 on application of an unsupervised
Tinear-discriminant cluscering algorithm to various Pioneer-Venus (P-V)
data sets. The goal was to determine regions that have the following
simi’ar properties: 100-km-scale regional slope, reflectivity, and ms
slopes at 1- to 100-m scale. The three data sets used include the P-V
altimetry, reflectivity (p factor) and the C-factor derived from the
Hagfors scattering model. The side-looking-radar-image (8 X 8 imaging)
P-V data set was not used as 2 fourth dimension in this analysis because
reflectivity was already used in the preparation of the 8 X 8 data base;
thus, its inclusion would give this data set double weight. The 100- to
150-km-scale slope data used in this analysis were derived from the P-V
altimetry date base over regional topographic wavelengths equal to or
greater than 100 km. Slope was used instead of altitude because it has
greater physical significance in terms of surface characterization; the
100-km-wavelength interval represents the resolution of the altimetry
data.

The advantage of the clustering algorithm over previous visual
analysis (Schaber et al., 1982) is that this algorithm is totally
unsupervised and depends only on the precision of the input data
(Jayroe, 1376). The linear-discriminant classifier was chosen over
maximum-1ikelihood, nearest-neighborhood, and minimum-distance
algorithms because it; (1) defines cluster boundaries as hyperplanes in
three-dimensional space, (2) defines hyperplane boundaries that are not
restricted to the orthogonality of the three axes, (3) defines
hyperplane boundaries by statistical analysis of cluster-overlap
reg’~s, and (4) defines hyperpiane boundaries for each cluster whose
distances from their respective cluster centroid are independent of the
other hyperplane distances for that cluster. Once the hyperplanc
boundaries for each cluster are defined, each picture element of the
input-data bases is assigned a number from 1 to n indicating the cluster
to which it belongs. A map of these numbers is then constructed; this
map shows the distribution of units with similar regional slope,
reflectivity, and small-scale rms slopes.

Once the initial clustering of the P-V data sets is complete, the
Earth-based data on Venus surface scattering from Goldstone and Arecibo
will be incorporated into the investigation.
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MORPHOLOGY AND TOPOGRAPHY OF APHRODITE TERRA, VENUS. William J. Ehmann
and James W. Head, Dept. of Geol. Sci., Brown Univ., Pruvidence, RI 02912,

Aphrodite Terra is the largest of the three major upland regions on Venus.
We have defined the base of Aphrodite to be the 6051.5 km elevation level,
which is the mean planetary radius (mpr) (Masursky et al., 1980). This choice
delineates a continuous upland, twice the size of Africa, that covers
7.3 X 107 km? (16%) of the venusian surface. Aphrodite trends dominantly
east-west for 22, 180 km between 45° and 255° l1nngitude and ranges between
60° N and S latitudes (Figure 1). Within Aphrodite, a variety of geologic
features exist, including brcad mountains, isoiated peaks, individual and
aligned pits, linear and arcuate troughs, and c¢ircular structures. Using
Pioneer-Venus data, we have subdivided Aphrodite Terra into six provinces on
the basis of elevation, slope, and the presence or absence of specific geo-
morphic features, buildinc upon earlier studies by Schaber (1981, 1982).

The Western Highlands (13.6 X 10® km?) is the third iargest province, half
the size of North America, and extends €865 km along the major east-west trend
of Aphrodite. The province is dominated by Ovda Regio (6056.8 km), an ellip-
tical and essentially continuous mountain region that is bounded by steep
siopes. Hypsometric plots show that 65% of the province is above 6053 km
elevation, and that the topography is nearly equally distributed among the
three central 1.5 kiv intervals (Figure 2). the Interio- Highlands (15.9 X
10° km?) is the largest province, twice the size of Australia, and follows &
NE/SW trend. A break in continuity of highland topography, broader slopes,
and a zone of low reflectivity separate the province from the Western High-
lands. This region contains Thetis Regio (6057.2 km), a less continuous high-
land than Ovda, and several scattered peaks on & broad, more gently sloping
upland. Hypsometric plots reveal a shift of topography towards lower eleva-
tions, as this province contains 13% more lowlands than the Western Highlands.
The Artemis Chasma province (4.4 X 10° km*) is a generally flat, circular
region 2600 km in diameter, containing two arcuate troughs. Artemis Chasma
proper spans 280° of arc, averaging 200 km wide and 1 km deep for a distance
of 5700 km. It is flanked on both sides by narrow, < 200 km wide ridges,
although the interior wall is usually higher than the outer wall (Schaber,
1981). The smaller trough lies within the northern part of Artemis and opens
cast. Unlike Artemis Chasma, it is not consistently bounded by ridges,
although a 200 km diameter peak l.es to the south. Hypsometry shows that
Artemis Chasma province has nearly twice as much area between 6051.6 and
6053 km than either the Western Highlands or the Interior Highlands. The
Central Chasma region is a broad, E-W trending arch covering 11.6 X 108 km?
of the venusian surface and cut by numerous troughs and pits. Although hypso-
metrically similar, the Central Chasma province differs from Artemis by the
Jinear trends of the troughs within it. Dali Chasma runs east-west for 3600 km
along the crest of the regional arch, flanked on both sides by elongate ridges
which vary by as much as 2.5 km frem one side of the trough to the other
(Schaber, 198'). The lowland regions on either side of Dali are broadly sym-
metric about the trough axis. Diana Chasma trends NE/SW for 970 km along the
western edge of Dali. Further to the northwest, a third trough is oriented in
such a way as to suggest a cortinuation of Dali Chasma. The Eastc 1 dighlands
province {13.0 X 10° km?) trends NW/SE and contains two mountai. cistricts:
four major peaks on an L-shaped upland to the north, and the pyramid-shaped
Atla Regio (6057.2 km) to the south. Between them is a 60C km diameter t~po-
qgraphic low with a peak in rhe center. Slopes are more gradual and uniiorm

over all elevations than elsewhere in Aphrodite. Hypsometric data show that
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the Eastern Highlands are intermediate between the chasma provinces and the
Interior Highlands. The Eastern Pinnacles province covers 14.2 X 10° kin® as a
distinctive terrain of isolated topographic highs set on a patchwork of
arcuate lows. It is separated from the Eastern Highlands by a break in topo-
grahic continuity, roughly along the 6052 km contour line. Fourteen 300 km
diameter peaks define two major, intersecting trends: a 8200 km N-S trend,
and a 5400 km E-W trend which terminates near Beta Regio. Hypsometric plots
suggest that the Eastern Pinnacles province is most like Artemis Chasma prov-
ince, with the principle difference being the shape and orientation of peaks
and lowlands.

Several Aphrodite provinces are similar in morphology and elevation to
Beta Regio, but are distinct from terrain in Ishtar Terra. Each province is
roughly the size of the Tharsis region on Mars. We are presently comparing
the provinces and features within Aphrodite to geologic structures on the
other terrestrial planets in an effort to test hypotheses for the origin and
evolution of the venusian surface.

References: 1) Masursky et al. (1980) JGR 85, 8232. 2) Schaber (1981)
LPI Contrib. #457, 31. 3) Schaber (1982) GRL 9, 499. 4) Schaber and
Masursky (1980) NASA TM 82385, 82.

PERCENTAGE OF DATA POINTS I~ AN ELEVATION RANGE
*OR EACH PROVINCE IN APURODITE
ELEVATION RANGE (KM}

PROVINCE 6051.6~ | 6053.0- | 6054.4- Total
6051.6| 6053.0 | 6054.4| 6056.0] 6056.0] Range

50,8~

Western Highlands 1.5 | 33.4 | 29.8 | 31.4 3.8 |8000:55
8 604°.8-

Interior Highlands 1.2 47.c 32.9 | 16.8 0-1 | 6056.2
6049, 8-
Artemis Chasma 5.3 80.8 13.4 0.5 0.0 6055.4
6049.0~

Central Chasma 3.0 76.5 19.3 1.0 0.1 6056.2
6049.8-

Eastern Highlands 1.2 64.2 27.8 6.8 0.0 6057.2
6049.8-
Eastern Pinnacles 5.8 86.8 6.7 0.7 0.0 6055.0

Figure 2.
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IDENTIFICATION OF BANDED TERRAIN IN THE MOUNTAINS OF ISHTAR TERRA, VENUS.
J. W. Head (Dept. of Geol. Sci., Brown Univ., Providence, RI 02912) and D. B.
Campbell (Nat'l. Astron. and lonosphare Ctr., Arecibo, Puerto Rico, 00612).

Critical to the understanding of the tectonic style of Venus is the origin
of the majcr mountain ranges on Ishtar Terra (Fig. 1). These mountainous re-
gions are unlike high topography observed on the Moon, Mars, and Mercury,
which is predominantly associated with large volcanoes or the rims of large
circular impact basins (1). Recently, images have been obtained of the Ishtar
Terra region with the 12.6 cm wavelength radar system at the Arecibo Observa-
tory. These images, which map the backscatter cross-section per unit area
(surface reflectivity), have resolutions of 3-6 km, a significant improvement
over previously published Earth-based images. Because the subearth point on
Venus is restricted to + 9° of the equator, the angle at which the surface is
illuminated by the incident radar wave varies from near zero near the equator
to over 65° at high latitudes. Appropriate scattering laws as a function of
incidence angle, as well as methods of data acquisition and display, are dis-
cussed elsewhere (2). At the high latitudes typical of Ishtar Terra (55° to
75° N) the slope of the scattering law increases, suggesting that both small
scale (wavelength-size) surface rouahness, and average slope-induced changes
in the scattered signal, are important. The average scattering prrperties of
the planet have been removed (2) so that the images show the ratio of the
received power to that of a homogeneous Venus surface with average scattering
properties.

The new high resolution radar images show a distinctive set of high
reflectivity bands extending along the strike ¢f Akna Montes for its full ex-
tent, curving eastward at the northern end of Akna to merge into similar
banded terrain in Freyja Montes. The bands begin abruptly at the southwestern
edge of Ishtar where at least six parallel bands with widths of 10 to 20 km
occur. These merge into two to three major bands of very high reflectivity
and this major textural pattern extends the full length of the southern
arcuate portion of Akna Montes. As Akna Montes turns toward the north and the
terrain decreases in elevation, the bands become somewhat less distinct but
can still be traced into Freyja Montes. To the east, the banded texture
disappears near the base of tie mountains and 's not nbvious in the very low
reflectivity Lakshmi Planum region. To the west, bands of comparable lengths
and widths but lower reflectivity, are visible to the edge of Ishtar Terra, a
distance of about 400 km. The linear east-west portion of Freyja Montes is
dominated by the same type of banded texture seen in Akna Montes. The banded
teriain is 200-300 km wide and is composed of up to fifteen radar bright bands
separated by bands of lower reflectivity. High refiectivity bands are 10-20 km
in width and up to several hundred km in length. The highest retlectivity
bands generally correlate with the highest topography. The 300 km wide high
terrain at the eastern end of Freyja is characterized by high reflectivity but
the patterns are domivated bv shorter linear segments arrayed in a variety of
directions. High resolution radar images of Maxwell Montes show levels of
reflectivity and banded texture comparable to Akna and Freyja Montes. The
distinctive banded terrain is .oncentrated in wesi-central Maxwell, in the
highest region of the mountain range, and trends parallel to the long axis of
the topography. On the mountain to the north and south (at lower elevations)
the banded terrain merges into mottled regions of high backscatter. To the
east on the lower slopes of Maxwell, the well-developed banded terrain is re-
placed by a circular backscatter feature over 100 km in diameter.

A number of hypotheses can be proposed to exniain the nature and origin
of the high reflectivity bands, including basic geological processes such as
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wind activity, mass wasting, volcanism, and tectonism. Eolian processes can
produce sorting of sedimentary particles into linear bands (dunes) of varying
grain size, often oriented parallel to slope. However, the wide spacing of
these bands coupled with the likelihood that eolian erosion on Venus is less
efficient than on Earth (3), suggest that eolian activity is not the primary
process responsible for the origin of the bands. Volcanic processes can pro-
duce lava flows which differ from surrounding terrain in terms of composition,
surface roughness, and topography, all factors which can cause variations in
radar backscatter and .ws in discriminibility on radar images. In addition,
10-20 km wide lava flows of hundreds of km length are known for the Moon (4)
and Mars (5), and some authors have proposed & volcanic origin for Maxwell
Montes, one of the mijor mountain ranges where the banded terrain occurs.
However, the vast majority of lava flows are oriented normal to the strike of
regional slope, while the vast majority of the bands described here run paral-
lel to the strike. Mass wasting processes are known to produce 2 variety of
features on Earth, such as slumps and talus aprons, which produce grain size
and local slope variations, and are oriented parallel to regional slopes. The
distinctive topography of these mountains seem to make these features very
susceptible to erosion and mass wasting processes, even though the nature of
these processes is not known for Venus, However, the extremely linear and
continuous nature of many of these bands over hundreds of kilometers suggests
that mass wasting processes are not the primary cause of their origin,
although such proces-2s may have been significant in their enhancement.
Deformational features on farth (folds and faults) are often extremely linear
and a combination of formational and degradational (erosional) processes can
produce major belts of linear high topography which could be perceived as
banded terrain in radar images. The Basin and Range Province of the western
United States, for example, is characterized by a broad topographic high
sevéral hundred km in width, and a series of linear mountains produced by ex-
tension and block faulting, with dimensions coumparable to some parts of the
banded terrain. The Appalachian Mountains of the eastern United States form

a broad linear topographic high approximately 1500 km in length and 100-200 km
in width. The Appalachians are characterized by numerous folds and faults
formed at an ancient convergent plate boundary in a compressional tectonic
regime and were subsequently exposed by erosion. Fold wavelengths and fault
separation distances are typically in the 5-20 km range and these features

are oriented parallel to the topograpnic trend of the mcuntain range.

On the basis of the close correlation of the banded terrain occurrence
and distinctive mountainous topography, the parallelism of topography and
bands, and the extremely continuous nature and regular spacing of the bands,
we conclude that deformational rrocesses (folding, faulting) are a strong
candidate for the origin of the banded terrain. These characteristics ire
more comparable to plate tectonic-related features on Earth, such as folded
mountain belts, than they are to any feature known on the smaller terrestrial
planets. The exact nature of potential deformational or tectonic processes
remains unclear, however, both because of the lack of sufficient resolution
to distinguish geological details and because of the poor understanding of
potential tectonic processes on Venus (7, 8, 9). Indeed, a form of deforma-
tion associated with viscous relaxation of mountainous topography enhanced by
the high temperature of Venus ne>r-surface rocks (10) may be a factor in the
formation of the banded terrain. A more quantitative assessment of the
geometry and textural patterns of the banded terrain i3 presently underway and
may provide data to further distinguish potential modes of formation of these
distinctive features,
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Figure 1. The mountains of western Ishtar Terra (Mercator Prujection). Ishtar
Terra is outlined by the 6053.0 contour which defines the base of the highlands
province on Venus (6). Elevations are expressed in terms of planetary radius.
Dotted regions 1ie below this altitude. The base of Maxw211 Montes is outlined
by the 6056.0 km contour. The base of all other mountains are outlined by the
6055.5 km contour. Topographic profiles of Akna, Freyja and Maxwell Montes
are shown (with 50:1 vertical exaggerat1on) and compared to the Colorado Rocky
Mountains (where elevations are in km above sea level).
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References: 1) J. W. Head and S. C. Solomon, (1981) Science, 213, 62-7€..
2) D. B. Campbell and E. A. Burns (1980) J. Geophys. Res.. 85, 8271. 3) B.
Nh1te (1981) Icarus 46, 226. 4) G. Schaber (1973) Geochim. Cosmochim. Acta,
5) G. S Schaber et al. (1978) Geochim. Cosmochim. Acta, Suppl. 10,
3 5133 3) H. Masursky et al. (1980) J. Geophys. Res., 85, 8232. 7Y g. C.
olomon and J. W. Head 19925 Geophys. Res., in pressT—B) W. M. Kaula and
R. J. Phillips (1981) Geophys Res Lett. 8, 1187-1190. 9) R. J. Ph1111ps,

W. M. Kaula, G. E. McGi M C Ma13n‘(19§1) Science, 212, 879 10) J.
Weertman (1979) Phys . Earth Planet. " ter., 19, 197-207.
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UNSMOOTHED VENUS TOPOGRAPHIC WATA IN HARD COPY

George E. McGill and Susan J. Steenstrup, Department of Geology and Geo-
graphy, University of Massachusetts, Amherst, MA 01003

The Pioneer Venus radar altimeter measured the radius of Venus at
thousands of points becween 74°N and 63°S latitudes. Computer-smoothed
versions of these data have been published as small-format global topo-
graphic maps. Also, smoothed data are available on magnetic tape at
NSSDC; but unsmoothed altimetry data are not now available to the pro-
fession at large., Although computer smoothing greatly enhances the ap-
pearance of global maps, and eliminates many artifacts, high-frequency
real information also is lost.

A hard-copy data set is in preparation at the University of Massa-
chusetts that shows the center of each altimeter footprint and the "ele-
vation" corresponding to that footprint for all altimeter points except
the high altitude pre-orbit-culminacion points and those points deemed
of doubtful validity by P. Ford of MIT. The data are printed onto 16
large sheets, 8 on Lambert polyconic projections (poleward of +30° lati-
tude) and 8 on Mercator projections (equatorward of #35° latitude). The
sheets are printed such that the Lambert and Mercator projections have
identical scales at 30° latitude.

This data set, with accompanying evplanation, will be available to
planetary geologists in the near future (for information contact the
first author). The sheets distributed will be ozalid copies, and each
will be on the order of 1 x 1.5 meters in dimensions. It is our hope
that this data set will be of particular use to those wishing unsmoothed
data, to those who prefer to draw topographic maps manually, and to
those without the facilities necessary to use altimetric data on mag-
netic tape.
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KADAR-BRIGHT RI;JGS ON THE MOON AND VENUS, R. S. Saunders, T. W.
Thompson, and A. J. Graz , Jet I;topulsion Laboratory, California Institute of
Technology, Pasadena, CA 91109, "Princeton University, Yrinceton, NJ.

Radar images of the Moon obtained at 3.8 cm and 70 cm wavelengths may
provide a basis for interpreting Venus vradar images. The availability of high
resolution visual images of the Moon permits a better understanding of the
lunar radar images. We have examined lunar radar-bright features as possible
analogs to bright-ring features on Venus. The 3.8 cm lunar images of 7isk et
al. (1974) have resolutions of 1-3 kme Thompson et al. (1980) have examined
the lunar radar-bright features. The suggested progression in the evolution
of lunar impact craters is chat they have bright floors, walls, and rims when
first formed. These are the latest Copernican age craters. Many Copernican
and Eratosthenian age craters appear as bright rings, with the floors having
about tne same reflectivity as the surrounding terrain. Most of the Imbrian
and older craters have isolated bright portions but generally do not appear as
bright rings, with the exception of the crater Maclear w'ich 1s mapped as
Imbrian. ‘'Mhe bright ring features do not oc .. -referentially on either mare
or terra.

We have studied the lunar bright ring features in depolarized 3.8 cm
images between 0° and 60° incidence angles. Depolarized images are sensitive
toc surface roughness in this range of angles rather than to topography. The
sample of bright rings measured included only those features with complete,
circular and uniformly bright rings larger than 15 km.

The outer and inner diameters of the rings were measured and compared
with the rim crest diameter of the associated crater (Figure 1).

We have concluded that the bright rings are associated with slopes both
interior and exterior to the rim. The dark floors probably become smooth
rather quickly by processes of mass wasting from crater walls and by meteorite
conminution. Slopes have roughness elements that are continuously renewed by
weathering from impact gardening and downslope movement. When slopes are
reduced to those typical of Imbrian age and older craters, they no longer
appear bright in the 3.8 cm images. Volcanic flooding does not appear to be a
significant factor in reducing roughness since only three craters fn our
sample have fliooded floors.

A test of the slope control hypothesis for radar-bright features 1s pro-
vided by Pike’s (1977) relationships for the diameter of the raised crater rim
versus rim crest diameter and floor diameter versus rim-crest diameter. These
relationships hold for Copernican and Eratosthenian craters. The outer diame-
ters of radar-bright rings fall close to Pike’s relationship for the diameter
of the raised 1lip versus rim crest as shown in the -pper line. The 1inner
diameters of the rcdar-bright rings compare closely to the floor width of
Pike’s relatiorship.

Using the same criteria for circular features in Venus images (" mpbell &
Burns, 1980) we have identified and plotted seven Venus bright-rf ., (Figure
1)« The pairs of inner snd outer diameters are plotted on the sinate. The
bar is of an arbitr. - width placed over the Pike relationship. The pairs of
bars for each featur. uverlap indicating a% least a reasinable fit to the Pike
relationship for impact craters. We suspect that slopes on Venus are much
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lower than those on the Moon since the Venus images use the polarized return
and see little indication of slope control. Most of the image brightness
appears to be modulated by roughneas variations on Venus. We postulate that
these features, whether of volcanic or impact origin, are bright because of
slopes and that there is a weathering process and downslope movement that is
in equilibrium with the production and removal of the slopes.

If of impact origin, it appears that we may be seeing only a fraction of
the craters. There is no way to estimate the rate of removal, or evolution
from bright to dark, of the craters as we can on the Moon since the Venusian
features may evolve very quickly or slowly sere are aboit a factor of ten
fewer bright ringe on Venus per unit area than there are on the Moon.

Referencus:

Campbell, ». B. and Burns, B. A., 1980, Earth-based radar imagery of Venuu:
_J;Ceophys- Res., Vol. ﬁ’ Pe 8271-81.

Pike, R. J., 1977, Size-dependence in the shape of fresh impact craters on the

Moon: in Impact and Explosicn Cratering, D. J. Roddy and R. O. Pepin, Eds.,
Pergamon Press, p. 489-509.

Trompson, T. W. et al., 1980, Infrared and radar signatures of lunar craters:
Implications about crater evolution: in Proc. Conf. Lunar Highlands rust,
Papike, J. J+» and R. B. Merri‘.l, FAB-, Pe 483-499.

Zisk, S. H., Pettengill, G. H., and Catuna, G. W., 1974, High-resolution radar

maps of the lunar surface at 3.8-cm wavelength: The Moon, Vol. 10, p. 17-
50.
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Open circles are outer diameter of lunar bright rings plottcd agains:t the rim
crest diameter of the associated crater. Filled circles are corresponding
inner ring diameters. Lines are from Pike (1977). 'pper line is the diameter
of the raised rim plotted against rim crest diameter. The low: line i{s the
floor width versus diameter. Bars are the inner and outer rin ‘ameters for
seven Venusian bright rings placed along the Pike relationship.
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RADAR ROUGHNESS AT VENUS LANDING SITES., James B. Garvin and James W.
Fead III, Dept. of Genl. Sci., Brown Univ., Providence, RI 02912.

Remote sensing of the surfaces of the terrestrial planets has greatly
improved our unds ~standing of the surface characteristics of these bodies at
a variety of scales, ranging from millimeters to kilometers. With the advent
of spacecra’t capable of landing on the su.-aces of the Moon, Mars, and Venus,
it has been possible to observe local areas in situ with high resolution (mm
to c¢cm) cameras, and tc analyze their surface properties in terms of the geo-
logic processe- that would most 1i.2ly produce such landscapes. Radar obser-
vations of the “oon, Mars, and even of the Earth have recently proven to be
vaiuable 1n the intecpretation of planetary surface roughness at a centimeter-
decameter scale over wide areas (1,2,3). The exact relationship between
radar-derived measurements of su~face roughness (i.e., block concentration,
dune arrangement, etc.) is imperfectly known, but for the Moon and Mars, a
correlation appears to ex._. when surface images are compared with orbital or
Earth-based radar observaticns (1,2). Surveyor, Lunokhod. and Apcllo photo-
graphs of the lunar -‘rface show various types of terrains all of wihich have
a characteristic local-scale roughness (i.e., fresh impact :jecte vs. mature
mare regolith vs. hiqklan ) -- this local-scale roughness correlates with
orbital bistatic radar observations (1,2), and suggests that strface images
can be used to calibrate our interpretation of the pbysical (geolocic) nature
of regions for which there is radar ~overage. It .s thus possible to extrap-
olate a local-scale view to an entire regic» using radar roughnes information
and surface pictures. For Mars, radar and infrared thermal inertia measure-
ments were used to help select the Viking lander sites (4). At the Viking
lander 1 site in Chryse Planitia there is gocd correlatior between orbital
and tarth-based remote sensing data and the views v, the surface from the VL-1
cameras. Radar measurenents give rms siope values near 5.0° which suggests 3
relatively rough ~ blocky surtace (2). High resolution orbital photography
(8-10 m/pixel) gives some indication that much of the region in Chryse near
VL-1 is blocky ana covered with neter-scale drifts or dunes. Thermal inertia
data from the Viking orbiter IRTM supports the nresence of blocks in the VL-1
area as well (3). On the basis of these correlations between surface rough-
ness -easured on a regional scale by radar and on a lccal-scale by surface
cameras for the Moon asd Mars, we seek to explore the nature of the venusian
surface in ithe same manner. To accomplish this, we use the Pioneer Veaus
orciter radar experiment data (roughness expressed o5 C-factor or rms slope
in degrees) and the Venera lander panoramas {Venevas 9, 19, 13, 14) and
related data. Due to .he similarities " etween the spatial resolution anc
wavelength of the PV and Apollo orbi:al radars and the fact that thc inrar
radar roughress does correlate with surface photography, we aire interested in
comparing Venera panoramas with PV radar roughness. Is there a correlaticn
between lander-scale rouynness a:z seen in toe Venera panoramas and the
regional-scale roughness near the landing sitec as measured by the PV radar
instrument? Can blcck arundance be related to radar rough-ess? How do the
lander site radar roughness signatures compare with the mean Venus rcughress
or with regional averaqes (i.e., for Aphrcdite, Beta, Ishtar, etc.)? Here
we focus cn the PV radar data and the Venera lander panoramas in terms of what
they can tell us of the local and reqional scale gecloc of Venus,

Refore considerina the radar rcughness data for the Venus landina sites
(see Table I), it is aporopriate to summarize the surface observations made by
each spacecraft. Venera (V) 8 measured a surface albedo in excess of 0.20,
suggesting bricht materials; and the K, U, and Th conter® nf surface materials
usinr ,-ray spectrumetry and found evidence for syenitic material {5.,6).
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V 9 and 10 pruduced the first photographs of the surface, measured the albedo,
ard used y-ray spectrometry, discovering darker materials with K, U, Th con-
tents similar to most basalts (%,6). The V 9 locality was littered with
closely spaced fragments 5-70 cm in length and ccarse fines could be obseyved
amongst the somewhat ar _ular blocks (7). The local terrain appeared to be
sloping at a 10°-15° angle, suggestina the landina was made on a talus slope
(5,7). V 10 observed plate-like outcrops amid zones of soil and small pebbles
--there were few isolated blocks as at V 9. Apparently dust was more easily
mobilized at V 10 than at V 9 because photometry data suggests a significant
dust cloud was produced after the free-fall landing. The slope of the local
terriin appeas< to be slight (8,9). V 11 and 12 did not obtain images, but
ea:h made ph~*_ .uetric measurements while on the surface. The results suggest
tha® V 11 72 v -d on high albedo material (10). The PV Day Probe survived for
over an hour on the surface--its particle detecting nephelometer recorded a
pos -impact disturbance that can be interpreted as a dust cloud (8,11). V 13
and 14 produced almost 360° panoramas of their local areas, as well as measur-
ing the major element abu~dances in surface rocks via X-ray fluorescence (12).
The V 13 locality is reminiscent of the V 10 landscape, with slabty rocks and
fine materials. A landing-induced dust cloud was large enough to emplace
cm-scale clods or pebbles on the lander ring. The V 14 landscape is remarkably
uniform--a continuous sequence of layered rocks (at cm-scale) characterizes
the lccal area. The site is almost devoid of fines, pebbles, or isoiated
fragments.

A1l of these observations illustrate the importance of scale in making
correlaticiis between radar and photographic observations. The radar {17 cm)
is sensitive to scatterers (blocks, dunes, undulations) at 0.1 m to 10 m
scales, but averaged over large aveas (> 160 km?), while the photographic
observations have cm-resojution and cover an area 6 orders of magnitude smaller
than the radar cell size (13). However. there is evidence from the Moon and
Mars (1,3) that lander-scale areas are often representative of much larger
regions.

The PV radar rougnness data can be expressed in C-factor or rms slope
format, and is derived from the radar altimeter measurements by means of fits
to theoretical and empirical templates (13, 14). Our criteria for data selec-
tion allows only those radar data points falling within a 1° circle about the
most recent lander coordinates to be considered. In addition, C-factor data
with an error of over 100% are ignored. A1l valid data (usually ~ 50 points)
are averaged (see Table I) and compared with the global Venus averages (avg.

v 2.9°;17% of plaret in 1.5-2.0° range). Over 60% of Venus is smoother than
3.0° rms, yet most of the lander sites are rougher than this value. Table I
describes our preliminary results. Our preliminary analyses thus far permit
the following general conclusions to be drawn:

1) On Venus there appears to be a positive correlation (as on the Moon)
batween radar roughness and roughness observed in Venera surface panoramas.
The roughest (blockiest) surface images have the highest rms slopes (above 4°
rms) as determined by *those PV radar footprints falling within the confidence
level for the Venera landing ellipses. For example, V 9 is rocky and has a
high average rms slone (v 4°), in contrast with V 14 whizh is almost devoid of
rocks ard has a low average rms slope (~ 2.9°). 2) Much of the surface of
Venus is smoother than the terrain viewed by the Venera landers (>t least in
terms of 17 cm radar roughness)--only the revions around V 8 and 14 are near
to the Venus mean roughness (v 2.9° rms). _, The V 10 landing region has an
extremely uniform radar roughness character--all of the PV radar observations
within the 1° landing ellipse cluster about an rns slope of 3.5°. The stan-
dard deviation is 0.25°, versus 0.70” for the next best landing area radar

88

. ORIGINAL PAZE IS
( 69\ OF POOR QUALITY



P

ORIGINAL PAGE S
OF POOR QUALITY

roughness. This suggests the terrain seen by the V 10 spacecraft may be
regionally extensive. 4) Both the V 8 (no imaging) and V 14 landing areas
display a radar roughness character (in terms of rms slope) that falls within
the global Venus average range (2.5°-3.0° rms). 5) The V 9 locality, with
a surface block cover of over 35% (more blocky than VL-2 on Mars), has a

radar roughness that is comparable to that for the VL-1 site on Mars (at
similar radar instrument wavelengths). This provides further evidence for

the agreement between radar and photographic observations of surface roughness
on terrestrial planets {Moon, Mars, and Venus).

References: 1) Moore, H. J. et al. (1980) Geol. Survey °rof. Paper 1046-8, Washington, D.C.,
78 pp. (sec. B 34-41). 2) Pettengill, G. H. (1975) Ann. Rev. Astron. Astrophys. 16, 265.
3) Simpson, R. A. and Tyler, G. L. (1980) JGR 85, 6610. 4) Masursky, H. and Crabill, N. L. (1981)
NASA SP-429, Washinjton, D.C., 34pp. 5) Keldysh, M. V. (1979) (ed) NASA TM-75706, Washington, D.C.
189pp.  6) Barsukov, V. L. et al. (1981} Abs. in Intl. Conf. on Venus Environment, Palo Alto, 8.
7) Florensky, C. P. et al. {19777 GSA Bull. 85, 15377 B) Rarvin, J. B. (1987} Proc. LPSC 128, 1493.

9) Moshkir, B. . et al. [1979) Cosmic Res. 17, 232. 10) Ekonomov, A. P. et al. (1979) Cosmic Res.

17, 590. 11) Ragent, B. and Blamont, J. (1980} JGR 85, 8089. 12) Florensky, C. P. et al.
pisma V. Astron. Zhur. o, 429. 13) Pettengill, G. H. et al. (1980) JGR 85, 8261. 14) Pettengill,
G. H. et al. (198C) TEEE Trans. Geosci. Rem. Sens. GE-18, 28.

Table I: Radar roughness of Venus landing sites as derived from Pioneer Venus orbital radar
experiment data (expressed »s rms slopes on a scale of 1-10 m),

T —‘_‘ﬂ(—;tandard 1 "Best"*
Lander Site Coordinates Average deviation Range of Average | rms slope
rms slope* | rms slope | rms sloves error | data point
(lat.,lon.) (degrees) (degrees) | (degrees) (%) {dearees)
Venera 8 113972) -10°,335.0° .77 1.04 1.1-5.1 5;——‘— 2.2 T
Venera 9@ (1975) | 31.7°,290.8 3.96 0.90 2.9-5.7 61 5.4
Venera 10@ (1975} | 16.0°,291.0° 3.53 0.25 3.0-4.0 53 3.5
Venera 11 (1978) | -14.0°,299.0° 3.18 0.70 2.2-3.7 51 2.6
Venera 12 (1978) | -7.0°,294.0° 5.27 1.50 3.1-8.1 61 5.2
Venera 13¢ (1982) 1 -7.6°,303.5° 3.57 1.20 1.9-5.7 56 3.4
Venera ‘4@ (1982} | -13.2°,310.1° 2.87 0.69 1.8-4.2 54 2.3
P-V Day (1978) , -31.2°,317.0° 3.23 0.95 1.6-4.7 43 3.4
V-1 (Mars)*®1076; | 22.5°, 47.9° [ 4.7-5.0 N/A 4.0-5.7 | ~20 5.6

*of all P-V radar data points within + 1° of landing site coordinates.
*the radar data point nearest the landing coordinates with the lowest error Yn rms slope.

ffrom carth-based radar observations made at Arectbo (12.6 cm) and Viking bistatic radar data
(Simpson and Tyler, 1978, 1980; Tyler et al., 1976].

®surface images exist.
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MECHANISMS FOk LITHOSPHERIC HEAT TRANSFER ON VENUS: PREDICTIONS FOR
SURFACE VOLCANIC AND TECTONIC FEATURES
Sean C. Solomon, Dept, of Earth and Planetary Sciences, M,I.T., Cambridge,
MA 02139; and James W. Head, Dept. of Geological Sciences, Brown University,
Providence, RI 02912.

Introduction., The mechanism of heat transport across the outer 100 km
of a planetary interior plays a pivotal role in determining the styles and
magnitudes of tectonic and volcanic activity at the planet's surface. For
the Earth, heat transport is dominated by the processes of plate creation,
cooling and subduction [1]. For the smaller terrestrial planets, heat
transport is principally by conduction through a globally continuous
lithospheric shell [2]. For lo, volcanic activity at individual eruptive
centers dominates the planetary heat flux [3-4]. For the planet Venus, the
evidence on the mode of lithoshperic heat transfer is equivocal [5-9]. In
this paper we evaluate each of the three mechanisms observed on other solid
planets and satellites (plate recycling, lithospheric conduction, and hot
spot volcanism) as candidates for the dominant process of lithospheric heat
transport on Venus. Further, we make specific predictions for the type and
distribution of surface volcanic and tectonic features expected for each
mechanism.

Plate Recycling, The creation of new lTithosphere, its cooling during
seafloor spreading, and its subsequent subduction account for about 65% of
the current heat loss of the Earth, estimated at 4.2x10!3W[1]; the
remainder of the heat loss is contributed by lithospheric conduction (20%)
and radioactive decay in the continental crust (15%). Plate tectonics, in
addition to its dominant role in heat transfer in the outer portions of the
Earth, accounts for most of the characteristics of the large scale
topography of this planet, including the mid-ocean ridges, the systems of
trenches and island arcs, the linear mountain belts at Andean-type
subduction zones or at Himalayan-type continental collisions, and
ultimately the formation, growth and distribution of continents. Venus,
similar in mass and radius to the Earth, is likely to have a roughly
similar heat budget, an assumption consistent with the Venera measurements
of surface radioactivity and the Pioneer measurements of atmospheric “VAr.
Scaling by mass from the Earth gives the Venus heat loss at 3.4x10*2 W. A
reasonable hypothesis is that Venus, 1ike the Earth, loses much of this
heat by plate recycling.

This hypothesis has been challenged in the Titerature on the basis of
several arguments: (1) that topographic features indicative of plate
tectonics can't be "seen" on Venus [5,6,10]; (2) that most of the Venus
surface is "ancient" on the basis of the distribution of inferred impact
craters and basins[10]; (3) that because of the high surface temperature,
the Venus lithosphere is less likely to subduct than oceanic lithosphare on
Earth [8,11]; and (4) that because of the high surface temperature, plate
Eec§c1ing is a less "significant" process for removing heat than on Earth

12].

These arguments are all assumption-dependent, however, and it can be
demonstrated [1-,14] that none of them are sufficiently compelling to rule
out plate recycling on Venus at present. In particular, the search for
topographic analojs on Venus to plate tectonic features on Earth is made
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difficult by the coarse horizontal resolution of Pioneer Venus altimetry
and, for oceanic-type features, by the lack of an ocean and by the likely
lesser temperature drop across the lithospheric thermal boundary layer on
Venus [5-8]. Further, many terrestrial tectonic features may owe their
principal characteristics to the abundance of surface water or to the low
temperature rheology of rocks. Island arc volcanism, for instance, may
require the subduction of material containing free water or hydrated
minerals and the release of that water at depth to initiate melting.
Notably, there are topographic features, such as linear mountain belts,
continental-sized plateaus and arcuate ridges and troughs, which resemble
terrestrial features of plate tectonic origin [7, 10].

The hypothesis that plate recycling dominates lithospheric heat
transport on Venus leads to the prediction (Table 1) that the rolling plains
and lowlands provinces [10] are analogs to terrestrial ocean basins. In
order for plate recycling to remove the necessary heat, spreading centers
would be characterized by rapid spreading rates and modest relief in
comparison to Earth. The Venus highlands [10] would be analogs to
terrestrial continents, at least in terms of greater crustal thicknesses and
probably greater ages of surface units than elsewhere. Venus mountain belts
would form as on Earth, by continental collision (Himalayan analog) or in
the process of subduction beneath continental lithosphere (Andean analog).

Conduction, If all of the heat from Venus were transported by
conduction, the lithospheric thermal gradient would be roughly twice that in
terrestrial ocean basins [15], or about 24°C/km. Thus temperatures
corresponding to the base of the thermal lithosphere in oceanic regions on
Earth [15] would be reached at about 40 km depth. It is difficult to
envision mechanisms for supporting the 13 km of relief on Venus if the
thermal lithosphere is this thin., One likeiy implication of the hypothesis
that conduction dominates heat transfer on Venus is that all surface
topographic relief, at least on scales smaller than characteristic
horizontal scales of mantle convection, must be geologically young.

The hypothesis that lithospheric heat flux on Venus occurs principally
by conduction leads to the prediction that major topographic features are
the response of a readily deformable lithosphere to shear tractions
associated with mantle convection (Table 1). Modestly elevated regions in
the rolling plains may be areas of recently extended and thinned crust and
1ithosphere, areas which will subside to lowland elevations during litho-
spheric cooling and thickening [16]. The mure elevated highlands may be
areas of thickened crust and lithosphere resulting from lithospheric
compression,

Hot Spot Volcanism. If nn Venus, as on lo, the dominant mechanism of
lithospheric heat transfer is volcanic activity at individual vents, then
there are profound implications for volcanic flux and rates of resurfacing.
The most prominent hot spot on Earth, Hawaii, has an average volcanic flux
for the past 42 m.y. of 2x10-2 km2/yr [17]; at this rate Hawaiian volcanism
contributes less than ,01% of the Earth's heat loss., Whether the number of
important hot spots on Earth is 20 [18] or cioser to 100 [19]. the total
contribution of hot spot volcanism to terrestrial heat loss is minor. If
all of the Venus heat were lost by hot spot volcanism, a total of 10“
“Hawaiis" would be needed, or one "Hawaii" for each 200-km square of Venus
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surface. Every 2 m.y. these hot spots would add enough volcanic material
to cover the entire Venus surface to a dep-h of 1 km.

The hypothesis that hot-spot volcanism dominates lithospheric heat
transport on Venus leads to the prediction that most topographic features
are of volcanic origin (Table 1). In parti-ular, the Venus highlands would
most likely have been formed by volcanic construction. Tectonic activity
in the absence of large-scale horizontal motions should be principally
restricted to that associated with vertical motions of the lithosphere.

Conclusions, Without more detailed information on the Venus surface,
all of the mechanisms for lithospheric heat transfer considered here should
be considered as potentially important for Venus. So, too, should
scenarios in which combinations of mechanisms operate [e.g., 8] or in which
the dominant mecnanism changes during the course of planetary history
[e.g., 5]. “1though the specific implications of these mechanisms for
tectonic and volcanic features on the Venus surface are quite different
(Table 1), each of the hypotheses that one of these mechanisms dominates
leads to the prediction that many if not most of the topographic features
of the Venus surface are geologically young.

Table 1. Implications of End-member Hypotheses for Lithospheric Heat Transport on Venus

Surface Characteristics Plate Recycling . Lithespheric Conduction Hot-Spot Volcanism

Extensive; active
centers nearly
cover surface

Extensive; activity Minor
dominantly at
divergent boundaries

Volcanic activity

Widespread; dominated Possibly extensive Primarily vertical
by plate interactions deformation of tectonics
thin Tithosphere

Tectonic features

Ages of surface units

Nature of mountain belts

Nature of highlands

Nature of rolling plains
and lowlands

.01ling glains and
lowlands geologically
young (< 108 yr)

Products of plate
convergence

Analogs to terrestrial
continents

Aralogs to terrestrial
ocean basins

Unconstrained; ancient
impact features may
be preserved

Aomalously thick crust
and lithosphere

Thickened crust and
lithosphere

Thinned crust and
Tithosphere

Much of surface
young (< 107 yr)

Yolcanic corstructs

Thickened volcanic
crust

'Normal' -thickness
volcanic crust

References: [1] J.G. Sclater et al., RGSP, 18, 269, 1980; [2] S.C. Solomon, GRL, 5, 461, 1978; [3] D.L. Matson
et al,, JGR, 86, 1664, 1981; [4] T.C. DReilTy and G.F, Davies, GRL, 8, 313, mi;‘[sl R.J. Phillips et al.,
scrence,"712, 879, 1981; (6] R.E. Arvidson and G.F. Davies, GRL, B, 741, 1981; [7] J.H. Head et al., Amer. Sci.,

T381; [8] R.J. Phillips and M.C. Malin, in Venus, in press, 1982; [9] G.W. Brass and C.G.A. Farrison,

Tcarus, 49, 86, 1982; [10] H. Masursky et al,, JGR, B5, 8232, 1930; [11] D.L. Anderson, GRL, 8, 309 1981; [12]
VK. RauTa and R.J. Phillips, GRL, 8, 1187, 198T; (137 S.C. Solomon et al.. JGR, 87, : :
Solomon and J.W. Head, JGR, in press, 1982; [15] B. Parsons and J.G. Sclater, JGR, 82, 803, 1977; [16] D.

Mckenzie, EPSL, 40, 25,7978; [17] H.R. Shaw, 8GSA, B84, 1505, 1973; [18] W.J. Morga

K.C. Surke and J.T. wilson, Sct. Am., 235(2),785, 1976,
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IMPACT AND VOLCANISM REVISITED, WITH EMPHASIS ON VENUS OF ;0 OR QUAL TY
Wolfgang E. Elston, Department of Geology, University of New Mexico,
Albuquerque, NM 87131

The great impact-versus-volcanism controversy of the 1960's seems
naive in retrospect, as both processes are now well-established on the
Moon and inner planets. Exploration of cpace coincided with the rise
of terrestrial plate tectonics; both gave new perspectives to planetary
evolution. We now recognize a continuum, ranging from small and rele-
tively inert bodies like the Moon and Mercury, on which impact scars
are dominant features, to larger and dynamic bodies like Earth, on
vhich impact features are relatively obscure. However, no body of the
inner solar system turned out to have been miraculously shielded from *
early intense accretionary bombardment, or later stages of protracted
but diminished cometary and/or asteroidal bombardment. All bodies the
size of the Moon or larger were shown to have complex thermal histor-
ies, sufficient for two principal stages of partial melting on the
early Moon. On Earth, the internally heated lithosphere has interacted
with the externally heated hydrosphere and atmosphere to create the
ocean-continent dichotomy and vigorously interacting lithosphere
plates. While the largest number of terrestrial volcanoes is at
plate boundaries, there is a strong tendency for volcanic edifices to

develop their largest sizes in plate interiors, both oceanic and con-
tinental.

Mars occupies an intermediate position between smaller and long-
inert bodies like the Moon and Mercury and dynamic bodies like Earth.
There is no evidence for true plate boundaries or for true continental
crust. Even on topographically high regions like the Tharsis Ridge,
large volcanoes take forms more characteristic of the interior of ter-
restrial oceanic plates (e.g., Hawaii) than of either the interior of
continental plates or plate boundaries.

In the Earth-to-Moon continuum, what is the position of Venus?
By analogy with Mars, there has been a tendency to interpret large
constructs as volcanoes and possible crater-like features as impact
sites. Actually, it i{s possible that large accretionary impact
craters have been destroyed or obscured by processes analogous to
development of thin and primitive continental crust. On Earth, forma-
tion of sial is furthered by both sedimentary and magmatic processes.
Sedimentation effectively differentiates primitive basaltic crust, by
removing Na to sea water and evaporites, Ca to limestone; Mg to dolo-
mite and sea water, and Fe to specialized chemical sediments, leaving
a residue enriched in Si, Al, and K (i.e., sial). Analogous processes
are less efficient on Venus. Although chemical weathering may be
effective, transportation and redeposition are likely to be ineffec-
tive in the absence of water. However, magmatic processes like those
of the primitive Earth, leading to sialic segregations, may well have
been operating on Venus, to form thin continent-like crust. It i3

93



precisely in areas of thin or thinned contintal crust, in plate inte-
riors, t t the largest terrestrial volcano-tectonic caldera complexes
occur. In tensional tectonic regimes, crustal thinning results in
rising isotherms and partial melting of sialic components. The results
can be seen in large calderas and ring complexes, tens of km to > 100
km in diameter, partly buried under their own ejecta of ignimbrites and
other pyroclastic materials. Poorly understood thermal events have
resulted in this style of eruption over wide continental areas of Earth,
sufficiently far removed from plate houndaries so that no simple con-
nection with plate-boundary processes has been established. The Pan-
African event, about 500 to 700 m.y.b.p., is a possible example; by one
interpretatiorn (Krdner, 1979) it represents a transitional stage of
continental evolution, from pre-plate tectonic to plate tectonic. The
truly gigantic Proterozoic ring corplexes (up to 900 km diameter) pos-
tulated by Kloosterman (1966 and personal communication, 1973) in the
Guiana shield of Brazil msy have formed under similar circumstances.

In Puanerozoic time, intraplate thermal events are more likely to have
occurred in continental rifts and ensialic backarcs, where crustal
thinning temporarily caused a reversion to Precambrian-like conditions.
The Basin and Range province of southwestern North America is an example
(Eaton, 1982). About 200 and 500 igniul vite caldera complexes,formed
there between 40 and 20 m.y.b.p., over an area of 1 million km , during
a period of massive ductile extension of the continental lithosphere.

It 1s proposed that terrestrial intraplate continental areas of
extensional tectonic regimes and lithosphere thinning may be analogs
of cratered terrains of Venus. The crater-like features on Venus would
be interpreted as large calderas or volcano-tectonic depressions, formed
on a thin continent-like crust in a primitive state of evolution.
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409-440,
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VENUS, ASIAN VOLCANOTECTONICS, AND LANDSAT AND SHUTTLE IMAGERY.

J.L.Whitford-Stark, Geology Dept. Sul Ross State University, Alpine
Texas 79830.

The K-U systematics of the Venusian surface materials derived by
analysis of Venera 8, 9, and 10 data indicated the presence of two rock
types; one with properties characteristic of tholeiitic basalts, and the
other with the properties of alkali basalts and basanites(l). A similar
dichotomy has been found between materials at the Venera 13 and 14 sites
(2). The sites with alkali basalt characteristics(Veneras 8 and 13) are
generally topographically higher than those with theleiitic characterist-
ics. Although alkali basalts are found on oceanic islands on Earth, the
majority of alkali basalts are found in continental environments.

The author has been compiling volcanic, tectonic, and geochemical data
(3,4) for mainland Asia in an attempt to relate all three, and to provide
a data base for comparicon with extraterrestrial bodies. The major Ceno-
zoic volcanic areas and tectonic features of Asia are illustrated in Fig.
1. The area is one of extreme structural complexity containing areas of
continent-continent collision, ocean-continent collision, back-arc basin
development, rifting, transcurrent faulting, and domal uplift. Volcanism
appears to be relatable to each of these environments. Fig.2 shows the
compositional variation among the Asian volcanics. It is possible to
distinguish three types of variation among the separate provinces. Firstly
there are those provinces with 1ittle variation(B,F,H,L,M). Secondly,
those with mild alkali enrichment(G), and, thirdly, those with strong
alkali enrichment(A.E,J,N,P). Province J could be separated from the third
group as a result of a possible "Daly" gap. In the context of a venusian
comparison, two interesting areas are Provinces G(Mongolia and Mancnuria)
and P (Tibet). Province G is currently located far from any plate boundary
and volcanism is mostly associated with large faults. The prevince is
dominated by alkali basalts of deep-seated origin with few silica-rich
volcanics. A detailed study of the Wudalianchi area of Province G has been
submitted for publication(5) and a Landsat analysis of the area is underway.
The volcanics of Tibet result from the continental collision between the
Indian and Eurasian plates. Although the materials are as alkaline as those
of Province G, silica-rich materials abound(4). Along the Baykal rift zone
(F), alkali basalts are found in quantity only at the extreme northeastern
(Vitim Plateau;E) and western(Tuva;G) . Dif<erentiated volcanics with up to
62 % Si02 are found on the Vitim Plateau(4). The volcanics of Province N
result from the eastward subduction of the Indian Ocean and range in comp-
osition from andesitic in the west to basaltic in the east. The Tengchong
district of China is thought(6) to mark the easternmost boundary of the
indian plate.Northern Tengchong, composed of olivine basalts, was imaged
by the Shuttle Imaging Radar experiment(7).

On the basis of the Asian volcanic compositions, it is predicted that if
plate tectonics has occured on Venus there will probably be substantial
volumes of silicic volcanics. If plate tectonics has not taken place, the
"continental" terrains will probably be dominated by alkali- and volatile-
rich extrusives. A further feature of the continental volcanics of Asia is
that they tend to form flat-lying lava fields with associated cinder cones
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(4,5,7), not large central-vent volcanoes. If the topographically high
features of Venus, such as Beta Regio, are of vslcanic origin, an origin
via a process similar to that resulting in terrestrial oceanic island
formation would seem more consistent with their morphologies than a form-
ation via plate interaction. A rift and dome analogy(8) for the Beta Regio
area would not, however, be inconsistent with the Baykal data.

References: 1) Surkov,Yu.A. 1977 Proc.Lunar Planet.Sci.Conf.8th,2665-2689
2)Wilson,L. 1982 Nature 296, 607-608. 3) Whitford-Stark,J.L. 1981 Reports
of Planetary Geology Program-1981. p.180-182. 4 Whitford-Stark,J.L. 1983
J.Volcanol.Geotherm.Res. in press. 5) Feng,M. and Whitford-Stark,J.L. 1983
J.Voicanol.Geotherm.Res. submitted.6Fan,P.F. 1978 Tectonophys.45, 261-267
7) Whitford-Stark,J.L. 1982. Submitted to Spaceborne Imaging Radar Symp.
8) McGill,G.E. et al 1981 Geophys.Res.Lett. 8, 737-740.

Figure Captions:

1. Volcanotectonic map of eastern Asia. Horizontal ruling represents back-
arc basins; solid shading is Cenozoic volcanics - paleogeographic recon-
structions for the U.S.S.R., outcrop for remaining areas; 1ines with solid
triangles are plate boundaries; lines with hollow triangles are former
plate boundaries; hachured lines are rifts; remaining lines are large
faults with direction of motion indicated, where known (from 4).

2. AFM diagrams for the Asian volcanic provinces. Province A is the east-
ern seaboard of the U.S.S.R., B is the Aniusky Range, E is the Vitim
Plateau, F is the Baykal region, G is Mongolia and parts of Manchuria and
the southern U.S.S.R., H is northeast China and the eastern U.S.S.R. inland
of the coastal belt, J is northern Korea, L is eastern China, M is Indoch-
ina, N is Burma, and P is Tibet,
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CRATERING PROCESSES AND LANDFORM DEVELOPMINT
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THE EFFECT OF CRDSTAL VISCOSITY ON IMPACT CRATERING OF ICY SATELLITES
Fink, J.4., Greeley, R, (Geology Departmeat, Arizona State University, Tempe,
/Z 85287) and Gault, D,E. (Murphys Center for Planatology, Murphys, CA 95247)

Impact craters are the principal geologic structures available for the
remote determination of planetary crustal properties. Individual craters’
morphologies and the planetary statistics of crater sizes and shapes have both
been used to infer the nature of regoliths, stratigraphy, and relative ages of
surfaces on the Moon, Mercury and Mars. Hypervelocity impact experiments into
sand and other dry targets have provided an empirical basis for scaling laws
relating crater dimensions to impactor properties, gravity and the crustal
strengths of these planets, The presence of near—surface volatiles on Mars
hes been used to explain the fluid-like ej:.ta morphology of some of its
craters, Experiments designed to simuiate such impacts require targets
capable of fluid behavior, and clay slurries with Bingham type rheologies
proved most successful (Gault and Greeley, 1978; Greeley et al., 1980, 1982;
Fink et al,, 1981),

The galilean and saturnian satellites provide new cratering conditions to
evaluate which favor a different scaling relation that ta‘es account of the
viscosity of the planetary surface as well as gravity and c-ustal strength.
In order to investigate the effects of viscosity independent of target
strength, we have performed a series of 218 impact experime at the NASA
Ames Vertical Gun Fatility, using homogeneous Nevtonian 0il iargets (Fink et
al., 1982). Viscosities rauged from 0.01 to 10’ Pa-s, while surface tensions,
densities and tharmal properties remained nearly constant,

By measuring transient crater bowl diameters in high speed motion
pictures, we were able to derive empirical relationships among crater size (V)
and shape (depth-to-diameter ratio), impactor diumeter (D,), mass (m) and
ve! city (U), and target viscosity (n) and demsity (p). Two distinct re!ine:
can be defined by plotting the dimensionless gromps n, =[Vp/m]I[1. 61gD; /07})
and n,—[n/pD Ul. Below a value of about n,=0.005, dimensiorless voln-e (ny)
is 1ndependent of target viscosity, whereas for values of n, larger than abont
0.1, volume decreases steadily as viscosity increases, and is independent of
gravity, Crater depth-to-diameter ratios show a similar two-part dependence
on viscosity. Below the transition, all craters have approximately the same
shape. For larger values of n,, craters have progressively smaller diameters
for a given depth (or equivalently, craters of the same diameters are deesper).

If ve assume that these criteria can be extirapolated to planetary scale
craters, then viscous effects will be favored by small :impacting bodies
traveling at low velocities hitting planets with low values of g and high
kiuematic viscosities. Conditions on the icy satellites may favor this
viscous regime, especially in the saturnian system where slow moving impacting
bodies have been postulated and where the small satellites have low
gravitational acceleretions and low surface densities,

The relative azes of craters on icy satellites have beer sstimated from
their depth-~to-diameter ratios (e.g., Passey and Shoecaaker, 1982). These
interpretations assume that all crater: form with bowl-shaped profiles and
then relax by slow viscous flow over geologic time, Flutter craters are thus
assigned greater ages than deec er craters. However, trarsiont craters in
viscous materials could have. relatively greater depth~to-diameter ratios than
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craters in adjacent terrains with different material properties. Thus, for
example, if an icy satellite had some regions with high heat flow, these might
yield more fluid slurries during impact., Rapid readjustment then could
produce final craters with lower depth-to-diameter ratios than those in colder
aress, Similar ambiguities could arise from impactors of different velocities
or sizes hittiug identical surfaces,

In summory, relative age determinations of diff~reat surfaces on the icy
satsllites must take into account the possibility thet craters subjectad to
viscous scaling laws would have differcnt shapes and volumes thkan those
oontrolled solely by gravity,

REFERENCES CITLD

Fink, J.H., Greeley, R. and Gault, D.E. (1982) The effect of viscosity on
impact cratering of the icy saturnian satellites. Geophysical Research
Letters [in press].

Fink, J.H., Greeley, R. and Gsult, D.E. (1981) Impact cratering experiments in
Bingham materials and the morphology of craters on Mars ani Ganymede.
Proc. Lunar Sci. Conferemce, 12th, p. 1649-1666.

Gault, D.E. and Greeley, R. (1978) Exploratory experiments of impact craters
formed in viscous-liquid targets: Analogs for martian rampart oraters?
Icarus, v. 34, p. 486-495,

Groeley, R., Fink, J.H., Gault, D.E,, Snyder, D.B., Guest, Y.E, and Schult:z,
P.H. (1950) Impact cratering in viscous targets: Experimental results.
Proc. Lunar Planet. Sci. Conf., 11th, p. 2075-2097.

Groeeley, R., Fink, J.H., Gault, D.E. and Guest, J.E. (1982) Impact cratering
in simulated icy satellites. In The Satellites of Jupiter (D.K,
Morrison, editor) Univ. Arizona Press [in press].

Passey, Q.R., and Shoemaker, E.N. (1982) Craters and basins on Ganymede and
Callisto: Morphologic indicators of crustal evolution, JIn The satellites
of Jupiter (D.M. Morrison, ed.) Univ. Arizona Press [in press].

URIGINAL PAGE IS

102



CRIGINAL PAUGE IS
OF POOR QUALITY

Mudrains on Mars -- What Causes Ejecta to Flow?
Michael C. Malin, Department of Geology, Arizona State University, Tempe,
AZ 85287

Craters with multiple, lobate ejecta blankets with distal and surficial
evidence of flow have been the subject of considerable and often heated
debate since their identification in Viking Orbiter images. In a literature
of papers and abstracts far too voluminus to cite in toto here (see e.g.,
1, 2 as representative examples) numevous investigators have examined the
distribution, morphology and relevant photogeological criteria, discussed
possible emplacement mechanisms, and evaluated environmental or geophysi-
cal implications of these mechanisms. Laboratory experiments have sought
to simulate, at least on a small scale, features of flow-ejecta craters.
Theoretical models have attempted to isolate diagnostic criteria by para-
meterizing flow behavior. The diversity in interpretation is at least as
great as the number of different names by which these craters are called.

Essentially all interpretations invoke some form of volatile-silicate
rock interaction, though the details vary widely. It is probably safe to
say that among the leading ideas are 1) interaction of rock ejecta with
volatile atrospheric gasses (either by aerodynamic breaking (3) or by
ingestion and fluidization) and 2) interaction of rock and volatile ejecta,
with the ejected volatile most often discussed being liquid water. Examin-
ations of target materials, at least in small srale laboratory impact
experiments, have concentrated on relatively low viscosities (< 102? poise)
and strengths.

A third idea might be to combine the ejection of volatile materials
and post-ejection interaction of these materials with the ejected rock
material. Such a concept would draw upon the experience of terrestrial
volcanologists and sedimentologists who encounter such phenomena in the
formation of accretionary lapilli and pisolites in conditions of high at-
mospheric water vapor and dust content (e.g., as in pyroclastic volcanic
eruptions). Applying this idea to hypervelocity impact cratering might
lead to the following scenerio:

1. TImpact into rock and ice materials. Ice may be either inter-
stitial or segragated. Frozer water reduces the need for special
environmental, geothermal, or stratigraphic requirements.

2. Ejecta in the form of a) rock fragments, b) ice, c¢) steam, and d)
a very small amount of water (probably negligable). It is the
steam (some percent of the total available veclatile) that is
important.

3. As ejecta curtain expands, the steam cools and nucleates on the
dust in the cloud, forming droplets. The timescale for this nuclea~
tion and droplet formation is less than the ballistic flight-time
for ejecta from craters of a certain size or larger.

4. Droplets of condensed water and dust (e.g., accretionary lapilli

or pisolites) cool much more slowly than steam. Timescale for
freezing is greater than flight time.
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5. Ejecta strikes ground as mud drops and chunks. Flowage occurs as
deposit integrates, aided by liquefaction.

6. Materials ejected at differing angles and/or experiencing different
heating histories during impact account for multiple deposits.
"Jetted" materials have short flight-times, high, oblique velo-
cities, and hence have little chance to allow condensation. Thus,
they form distal secondary craters. Some materials fall in areas
of condensation, but segragation of volatile and non-volatile
phases allow:. concentric zones of increasing and then decreasing
water content. Innermost area has materials that are again "dry"
or "dryer" and give rise to thicker, more viscous flows.

7. Small craters do not have flow ejecta because trzvel times are
less than condensation times.
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Spat.ial Distribution of Craters on the Moon and Callisto
Alex Ruzicka and Robert G. Strom, Lunar and Planetary Laboratory,
University of Arizona, Tucson, A2 85721

The crater size/frequency distribution on Callisto (and Ganymede) has
a marked deficiency of craters greater than about 30 km diameter relative
to the heavily cratered regions on the terrestrial planets (Mercury, Moon
and Mars). This deficiency has been attributed to either (a) an
obliteration of large craters by viscous relaxation when the crust of
Callisto was more thermally active (1, 2,), or (b) the impact of a
population of objects which was intrinsicilly deficient in large objects
(3, 4).

To distinguish between these two explanations, Woronow and Strom (4)
conducte@ a Monte Carlo computer simulation in which a lunar highland
size/frequency distribution was imprinted on a surface and craters
elininated in such a2 way as to produce the observed Callisto
size/frequency distribution. The simulation was completely independent
of any assumptions concerning the thermal history, crustal-thickness
history or ice rheology of Callisto. The simulated surface (Fig. 2d)
showed a crater spatial distribution markedly different trom that
observed on Callisto (Fig 2c). On the simulated surface, extensive
uncratered areas were produced by the obliteration of large craters; a
condition not observed on Callisto. Gurnis (5) carried this approcach
farther by using a variety of size distributions in the Monte Carlo
simulation and comgaring the resulting spatial distributions with that
observed on Caliisto by "nearest neighbor" statistical methods. This
more rigorous study confirmed the previous results and set more accurate
limits on the amount of large-crater obliteration on Call.sto. Both
studies indicate that the observed crater size/frequency distribution on
Callisto is essentially a production population which differs
significantly from that on the terrestial planets.

In order to further test these Monte Carlo computer results, an
actual surface of the lunar farside highlands was selected to perform a
somewhat similar simulation for comparison with Callisto. Although two
lunar areas were iaitally chosen for their apparent lack of plains and
secondary craters, one of these areas has a super-abundance of amaller
craters relative to otier regions of the lunar highlands. Until we
understand the reason for this anomaly (possibly clusters of secondaries
from Orientale and another nearby basin), only the more typical region
will be considered in this preliminary report.

The goal of this study was to compare the spatial distribution of
craters 8 xm diameter on an area of Callisto with that of a lunar
highlands area from which craters had been removed to produce the
Callisto size/frequency distribution. The region on Callisto was one
used earlier by Woronow and Strom (4) for their comparison with the Monte
Carlo simulacion, and comprises an area of 6.4 x 10° km? (Fig 2c).
The similar-sized lunar area (6.2 x 10° km2) is centered at 160°W,
65°N in the farside north polar region (Fig. 2a).

Craters in the lunar area were mapped and classified according to
degradational type using the five-fold LPL scheme where Cless 1 is the
freshest and Class 5 the most degraded. The size/frequency distribution
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was ‘hen determined and compared with that for the Callxsto area (Fig. 1).

Craters were removed from
the lunar area so that the
size/frequency distribution
matched that of the Callisto
area. The obliteration segquence
was determined by the
Jeqr .dational state of the
cri.ers; the older dJdegraded
Cre :ers were removed first
followed by proyressively
irasher craters. At the larger
sizi: even some of the relatively
fresh craters had to be removed
to ! eproduce the Callisto curve.

Figure 2a, shows the spatial
dis ribution of craters in the
lun;x area while Fig. 2b shows
the distribution after the
appropriate number of craters
were removed to produce the
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Fig. 1. Size/frequency distributions

for the lunar and Callisto areas
shown in Fig. 2a and c.

obscrved Callisto size/frequency distribution (Fig. 1). A visual
camparison of Figures 2b and 2c shows that the spatial distributions of
the two areas are very different despite the similarities in the overall
crater density and size/frequency distribution. On the lunar area there
aire lacge relatively crater-free regions not observed on Callisto,
hecause of the necessity of removing substantial numbers of large,
relatively fresh craters in order to derive the Callisto size
listribution. On the other hand, the Jderived spatial distribution of
“he lunar area (Fig. 2b) is similar to Figure 24, which is the spatial
¢istribution derived from the Monte Carlo computer simulation of a
lunar-like impr .t history done by Woronow and Strom {(4). This confirms
the validity of the earlier Mcate Carlo simulations.

The results of this study, together with those of the Monte Carlo
corputer simulations, strongly suggest that the Callisto (and Ganymede)
crater population is basically a production population deficient in
larae craters relative to that of the terrestrial planets. This
irdicates that the population of impacting objects responsible for the
period of heavy bomhardment in the inner Solar System was different from
that at. Jupite., and probably had a different origin as well.
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Fig. 2. Spatial distributions of craters observed on the lunar
area (a) the Callistc area (c), after crater removal
from lunar area to produce Callistp size/frequency
distribution (b) and from Monte Carlo computer simulation
(d). Scale bars represent 100 km. Fig. 2c and d are
from Woronow and Strom (4).
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Effects of the Lunar Orientale Impact
on the Pre-Existing Crater Population
Robert G. Stram, Alex Woronow and John Spencer
Lunar and Planetary Lab., Univ. of Arizona
Tucson, Aziona 85721

The crater size/frequency distributions were studied in a hewisphere
of the Moon centered on the Orientale basin in order to determine the
effects of basin ejecta on the pre-existing crater population. The
Orientale-centered hemisphere was gridded radially and concentrically into
1440 equal-area segments. Crater diameters down to 8 km have been used
over most of this hemisphere, but some regions are measured down to only
20 xm. Regions of mare flooding were eliminated from the study.

Basin ejecta has two effects on the pre-existing crater population:
(1) a diameter dependent obliteration within the continuous ejecta blanket
out to about one basin radius, and (2) the addition of secondary craters
beyond this distance. The size/frequency distributions were compared with
each other as a function of radial distance and azimuthal direction with
respect to the Orientale basin, and these, in turn, where compared with
distributions in other highland areas. Finally, all size/frequency
distributions were compared to the crater population superposed on the
Orientale basin and continuous ejecta deposits (Hevelius fm.). This
crater population is a production population uneffected by basin secondary
cratering and ejecta blanketing, and represents the pre-mare accumulation
of craters near the end of heavy bombardment through the post-mare epoch.
The size/frequency distribution of the post-Orientale/pre-mare crater
population is different from the post-mare population at the 99%
confidence level, and similar to the average highland population at the
same confidence level (Fig. 1). The similarity between the
post-Orientale/pre~mare crater population and the average lunar highlands
implies that in general the highlands crater population is in production
and representative of the impacting bodies responsible for the period of
heavy bombardment. (1)

Fig. 2 shows the size/frequency distributions of highland craters in
the hemisphere surrounding the Orientale basin beyond the continuous
ejecta blanket. The dashed line is the distribution on the front side
highland portion of the hemisphere while the solid 1line is the
distribution on the farside pcrtion of the hemisphere. The farside
hemigphere distribution shows a knee in the curve below a diameter of
about 20 km which probably represents a significant contribution of
Orieniale basin secondaries. However, the knee is not present on the
frontside curve. This, together with the asymmetric distribution of the
continuous ejecta blanket, suggests that the Orientale basin was formed Ly
an obligue impact coming from the southeast which preferentially
distributed secondaries on the farside hemisphere. To test Low common
this secondary distribution is, the crater size/frequency distribution of
two areas of the farside 150° distant from Orientale where studied.
These areas were chosen for their lack of plains units and great distance
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from Orientale. The size/frequency distribution of one area (Riemam,
Fabry, Olcott) shows a knee in the curve below 20 km diametar, while the
other (Bertz, Pasteur, King) does not (Fig. 3). This suggests that
concentrations of basin secondaries is spotty, but locally can be great
enough to significantly alter the shape of the highland crater
distribution at diameters less than 20 km, a circumstance first recognized
by Wilhelms, et. al. (2). Based on the comparison between the
post-Orientale/pre-mare and highland curves, we conclude that locally, in
particular the farside region surrounding Orientale, secondaries from
Orientale and other basins cause a knee in the size/frequency distribution
below 20 km diameter. In other areas the contribution from basin
secondaries has not significantly altered the primary crater
size/frequency distribution, at least between 8 - 20 km diameter.

The Orientale continuous ejecta blanket out to about a basin radius
from the basin rim (Cordillera Mts.) has either obliterated pre-existing
craters or degraded them to Classes 4 and 5. Almost all craters
superposeé on the ejecta blanket are fresh Class 1 craters. Those
urderlying the blanket are degraded Class 4 and 5. No Class 3 craters are
present within the ejecta blanket. This indicates that the ejecta blanket
has degraded all pre-existing Class 1 =~ 3 craters to Class 4 or 5
craters. The obliteration of pre-existing craters within the blanke* has
been substantial (Fig. 4). The percentage of craters obliterated .anges
from about 80% for craters 8 - 12 km diameter to about 40% for craters
greater than 50 km diameter. Beyond a basin radius no significant crater
obliteration has occurred for diameters greater than 8 km.

In summary, the size/frequency distribution of craters in most areas
of the highlands represents the primary production population for
diameters greater than 20 km. In the farside region surrounding Orientale
out to at least 90° from the basin center, basin secondaries have caused
an excess of craters at diameters less than 20 km. This excess of smaller
craters is found locally in some other areas of the highlands and also is
probably the result of secondaries from other basins. The size/frequency
distribution in other areas of the highlands is essentially identical to
the post-Orientale/pre-mare population and appears not to be significantly
effected by basin seco.daries larger than 8 km diameter. Within one basin
radius up to 80% of pre-existing craters (8 - 12 km dia.) can be
obliterated by the continuous ejecta deposit. Beyond that distance no
significant obliteration occurs for diameters greater than about 8 km.
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PROCELLARUM, A GIANT PLANETARY BASIN
Don E. Wilhelms, U.S. Geological Survey, Menlo Park, CA 94025

Cadogan (1974, 1981 and Whitaker (1981) proposed that a giant impact
basin controls the semicircular outline of Oceanus Procellarum and occupies
much additional area of the Moon's near side. Cadogan estimated the dia-
meter of the "Gargantuan” basin as 2400 km and its center as 23° N., 29°
W. He also suggested that an early volcanic filling by KREEP basalts
explains the concentration of KREEP in the Imbrium-Procellarum area, and
that ejected “"anorthosite” (aluminous terra material) explains the high
Al/Mg ratios detected on the limbs and far side by the orbiting X-ray
spectrometer. Whitaker showed that many otherwise-unexplained terra and
mare features in a large area fit three rings 1700, 2400, and 3200 km in
diameter centered at 23° N., 15° W. The basin center lies within the much
younger Imbrium basin. Its outer, 3200-km, ring encompases all major near-
side maria except Crisium, Fecunditatis, and Nectaris. Orientale and
Smythii also lie outside the basin. My studies not only have convinced me
that the basin as mapped by Whitaker exists, but have shown that it exerts
fundamental control over lunar near-side petrology, structure, geophysics,
and stratigraphy.

Most of Procellarum's effects stem from its control of the thickness
of the terra crust (Cadogan, 1981; Whitaker, 1981). The lower the surface,
the thinner the crust and the higher the underlying mantle. Altimetry data
show generally lower terra elevations inside than outside the basin, a fact
that is commonly ascribed to a fundamental nearside-farside difference in
crustal thickness (Kaula and others, 1974). 1In detail, the basin undoubt-
edly has a steplike concentric structure like Orientale and other well-
exposed basins, descending in elevation from the exterior terra through two
concentric, interring troughs to the central basin. Seismometry suggests a
75-km crustal thickness in the Apollo 16 region (Nakamura, 1981), in the
outer trough. This value is close to estimates of the average crustal
thickness, which range between 61 and 86 km (Kaula and others, 1974; Bills
and Ferrari, 1977; BVSP, 1981, p. 671). The most precise seismic data are
from an area of southern Oceanus Procellarum and suggest a 50-60 km
thickness for that region (Toks8z and others, 1974; Koyama and Nakamura,
1979), most of which lies within the inner of the two concentric troughs.
Hence the 50-60-km figure reflects the crustal thinning under that trough.

The central basin must overlie a still thinner crust. The mantle may
have been almost reached by the combined Procellarum and Imbrium impacts,
judging from the petrology of one or two small clasts in the Apollo 15 Mon-
tes Apeninnus collection (Herzberg and Baker, 1980). Even the lmbrium sam-
ples are mostly crustal, however, consisting of KREEP-rich breccias (Apollo
14) and ANT clasts and low-K KREEP matrices (Apollo 15). Therefore Procel-
larum alone did not pierce the crust, and it was shallower than 61-86 km.

The shallow ~ombined excavation by two of the largest lunar basins

supports the hypothesis that basins are much shallower, relative to their
diameters, than craters (Baldwin, 1963; Head and others, 1975). If the
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outer ring of a basin 1s also the boundary of excavation (Wilhelms and
others, 1977), the depth/diameter ratio of Procellarum was less than 1/37
(86/3200) and probably closer to 1/64 (50/3200). The crust was excavated
more by lateral stripping than by the deep, hemispherical scooping observed
in simple craters. Because of their ghallowness, enormous basins may form
without destroying a planet.

The terra surface materials of the three concentric depressions and
the exterior terrain differ in (> mposition. The X-ray spectrcmeters show
that the Apollo 16 region and the far side are the most aluminous terra
(Adler and others, 1973). The Apollo 15 and 17 tracts, composed mostly of
younger basin rims formed closer to the Procellarum center, are more mag-
nesian. The innermost Procellarum basin 1s KREEP-rich, judging by the Fra
Mauro Formation derived therefrom. Composition and crustal thickness are
therefore related (Haines and Metzger, 1980). The correlations are consis-
tent with a layered terra crust in which KREEP-rich materials are the deep-
est, magnesian ANT intermediate, and aluminous ANT highest. The steplike
structure of Procellarum has exposed successively deeper layers inward
toward its center, and the whole basin has stripped off aluminous material
and added it to the surrounding terra (Cadogan, 1974). Thus the differ-
ences In crustal thickness and composition that are usually attributed tc a
nearside-farside dichotomy (Kaula and others, 1974) are partly or entirely
effects of the Procellarum impact.

The terra configuration created by Procellarum and superposed basins
set the stage for later mare volcanism. The mantle and therefore the
source of the basalts was uplifted beneath each bas’+ to compensate for the
removed crust. The crustal thinning and the mantle uplifts were additive
where the basins were superposed. The mcst massive maria are Imbrium and
Serenitatis, which are superposed on central Procellarum, whereas the least
massive maria relative to the size of their containing basins are outside
Procellarum. Mare ages and compositions also correlate with Procellarum,
For example, the massive, Imbrian-age fillings of Imbrium and Serenitatis
are low in Ti. Imbrian high-Ti basalts were extruded in western Tranquill-
itatis, in the {rner Procellarum trongh. Eratosthenian and Copernican
high~-T{ magmas were extruded directly into the western extension of the
gsame trough and from the central basin into the margin »f Mare Imbrium.
Lunar volcanism endured the longest in this Procellarum-Imbrium region of
thin crust. The thin, aluminous basalis orf Smythii and Fecunditatis
(Hubbard, 1979) were extruded onto the thick crustr outside Procellarum.
Within an age group, zones of mare composition as Indicated by the teles~-
copic and orbital geochemical data are concentric with Procellarum and cut
across the younger superposed basins. The bhasins that are the immediate
hosts of the maria only modulate the pattern established by Procellarum.

Lithospheric thicknesses resulting from the steplike Procellarum
excavation determined the degree and style of tectonic deformation. The
terra crust generally is assumed to deform elastically, and was probably
equivalent to the elastic lithosphere during most mare volcanism and
tectonlsm. Subsidence of mare basalts to achleve isostatic compensation
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opened arcuate grabens by stretching the lithosphere, and was aided by weak
lithospheres and inhibited by strong lithospheres (Solomon and Head,

1980). Therefore most arcuate grabens formed inside Procellarum. The thin
lithosphere permitted more complete isostatic compensation than did the
thick lithospheres under such maria as Orientale, Nectaris, Smythii, and
the far-side maria. Because subsidence of those maria was hindered, they
display large mascons despite their relatively small masses of basalt
(Solomon and Head, 1980). Most craters with highly uplifted floors are
also in or aear the basin.

Most mare ridges are concentric with Procellarum (Whitaker, 1981).
Even such details as the gravity structure of southwestern Procellarum
(Scott, 1974) correlate with its ring structure: positive anomalies with
the thickest basalts, parallel negative anomalies with the raised rings
underlying thin basalts (compare Scott, 1974, fig. 2).

In summary, so many aspects of lunar geology and geophysics correlate
with position relative to a 3200-km, three-ringed Procellarum impact basin
that its existence seems firmly established. First-order planetary struc-
turcs may therefore be of impact origin. One might examine the hemispher-
lcal dichotomy of Mars for similar clues to basin origin. A basin three
times larger than Procellarum may have stripped several tens of kilometers
of crustal materizl from half of Mars, resulting ultimately in the
different geologic styles of the two martian hemispheres.
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THE EXCAVATION OF LUNAR MULTI-RING BASINS

Paul D. Spudis, Dept. of Geology, Ariz. State Univ., Tempe AZ 85287 and
U. S, Geological Survey. 2255 N. Gemini Dr., Flagstaff AZ 8600!.

Introduction The formation of multi-ring baslns is the most important
process in the early geologic history of the Moon. Exhaustive study of
these enigmatic features has produced no clear consensus on their original
size and depth of excavation (e.g., compare 1,2). One problem in the
approach of many basin studies is their focus on only one aspect of basin
geology (phutogeology, sampl: studies, etc.). This effort utilizes
information from photogeologic, lunar sample, geophysical and remote
sensing data to addiess the problem of the original basin cavity diameter
and effective depth of excavation. This study extends results for the
Orientale basin (3) to the lunar basins Nectaris, Crisium, Serenitatis and
Imbrium (4).

Geology and Ejecta of Lunar Basins. This section briefly summarizes the
compositions of ejecta from five lunar basins' and some constraints on the
size of the criginal basin cavity. Detailed geologic rationale for these
constraints may be found in (4).

Orientale. The Orientale basin (930 km diameter) formed in a thick (T=90-
100 km; 5) highland crust and contains several pre-basin structures (6,7)
that suggest the boundary of the original basin cavity probably occurs
within the outer Rook ring of that basin (500-600 km diameter cavity).
Mizing models of orbital geochemical data for Orientale ejecta (8) suggest
this material is composed of a 2:1 mixture of anorthosite and anorthositic
gabbro. These results suggest Orientale effectively excavated to depths
nc greater than about half the thickness of the crustal target (about 50
km; 3); 1if the original cavity size was greater than this estimate, 2
significantly higher mafic content in the basin ejecta would be seen.
Nectaris. The Nectaris basin (860 km diameter) formed within a typical
nearside highlands crust (average T=70 km; 5). The northern and western
ejecta are covered by Apollo 16 orbital data and the Apollo 16 site lies
200 km NW of the outer Nectaris ring. Nectaris is too degraded to
recognize any pre-basin structures within the outer ring but results for
Orientale suggest the original cavity was within the outer ring and was
about 500-600 km in diameter. Mixing model results for Nectarls ejecta
(9,10) indicate a 3:1 mixture of anorthositic gabbro and low-K Fra Mauro
basalt. This suggests excavation to middle crustal levels, about 50 km in
this region of the Moon.

Crisium. The Crisium basin (635 km diameter) impact occurred into a
highlands target (average T=60 km; 5), geochemically similar tc the
Nectaris basin target. An unusucl basin modification style, involving
long-term endogenic modification with concurrent mare flooding in ring
troughs (4), precludes identification of pre-basin structures. Orbital
geochemical coverage of the southern ejecta blanket indicates Crisium
ejecta consists of anorthositic gabbro and low-K Fra Mauro basalt (10) in
about the same proportions as in Nectaris ejecta (3:1)., This suggests
Crisium basin excavation to crustal stratigraphic levels comparable to
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Nectaris, Due to the thinner crust in this region (5), Crisium probably
sampled depths up to 35 to 45 km.

Serenitatis. The Serenitatis basin (880 ko diameter) impact occurred
within an average thickness crust (60 km; 5) that was geochemically
distinct from both Crisium and Nectaris basin targets (4,9). Extensive
mare flooding and morpiologic degradation by the Imbrium impact prohibit
the identification of pre-basin topograohy. Mixing model studies rf the
Taurus-Littrow highlands (9) suggest Serenitatis ejecta consists ot
greaier than 90 percent norite with minor amounts of KREEP, mare basalt
and anorthosite. This ejecta composition suggests Serenitatis may have
excavated nearly the entire crustal column in this region of the Mcon, as
decp as 50 to 60 km, consistent with the results frem other basins in this
study (cf. Nectaris, similar in size to Serenitatis).

Imbrium. Imbrium (1200 km diameter) is one of the most complex lunar
multi-ring basins. Gravity data (5) suggest a relatively thin crust for
the pre-basinu target region (average T=50 km) that consis «=d of complex
mare and KREEP volcanic lavas overlying a predominantly norftic hignlards
crust (4)., Numerous pre-Imbrian basins intersect the Imbrium outer ring
and in particular, the preservation of an inner basin topographic high
near the Apennine Bench (11,12) may have resulted from the Imbrium basin
outer ring Intersecticn with the anciert Insularum basin (13). This
suggests the original Imbrium cavity may have been ah~ut 600-800 km in
diameter (4). Mixing model studies of lmbrium ejecta Ur .cate subdequal
amounts of low-K Fra Mauro bassalt, KREEP and mare basalts with wainor
amounts of anorthositic gabbro (l4). A new geochemical map of the
Apennine mountains displays a large component of norite within the lmbrium
ejecta (15). These results suggest Imbrium excavated at least the entire
crustal thickness in this reglion and possibly some quantity of lunar
mantle materials (4).

Discussion. The five basins described here represent a spectrum of basin
sizes, ages and morpholoyies. Where the original cavity diameter can be
constrained by preservation of pre-basin topogrephy (Orientale, Imbrium),
the original cavity is found to be significantly smaller than the present
basin topographic rim. The inferred depths of basin excavation based on
ejecta composition and regional crustal thickness are typically less tnan
the local crustal thickness and are on the order of one-tenth the diameter
of the inferred basin original cavity. This relationship for lunar basin
excavation cavities has been suggested previously from an entirely
different line of reasoning (l6). An attempt was made to compute fle
total volume of material excavated by these impacts. This was done by
assuming a hemispherical cavity shape with a penetration depth of one-
tenth the inferred diameter excavating a sphsrical Moon (3,4). Results
for Orientale range from 4.9 to 9.3 x 10° km~ of ejecta, a result in good
agreement with previous estimates from gravity (17) and photogeologic data
(18). Analysis of this geometric figure of excavation further indicates
that for Orientale, 90 percent of the basin ejecta is derived from depths
shallower than about 30 to 40 km (3), in good agreement with the hLighly
anorthositic composition of Orientale ejecta (8). In the case of Imbrium
(the largest basin studied), this analysis indicates as much as 16 percent
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of the total ejecta volume may be derived from sub-—crustal regions. This
material may be now largely buried by the mare flows that fill the basin,
but detailed study of the orbital geochemical data indicate the presence
of minor amounts of ultramafic material within the Apenaines (19).

Conclusions. Lunar multi-ring basins form by the topographic modification

of initially smaller, shallow transient cavities. The results of this

study suggest an initial excavation cavity with a diameter approximately
0.6-0.7 times the present basin topographic rim diameter. The geochemical
data suggest & depth about 0.1 times the diameter of this excavation
cavity. These results support hypotheses that basin outer rings form by
gravity slump ng around an initially smaller transient crater (e.g., 20-
22). Basir ianer rings may result from stratigraphic uplift (23,24) along
with rinor oscillatory movement (23,25). This excavation model is
consistent with a wide variety of studies of Apollo lunar highland samples
that indicare a paucity of material derived from the lunar mantle
(e.g.,26) within the lunar highlands.
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CRATER PEAKS TO BASIN RINGS: THE TRAJSITION ON MERCURY AND OTHER BODIES
Richard J. Pike, U.S. Geolcgical Survey, Menlo Park, CA 94025

Analysis of the morphologic contrasts between large impact craters
and small basins may contribute to a better understanding of both
features. Recent efforts have focused on a possible link between central
peaks in <raters and interior rings in basins [1-8]. 1In connection with
new work on the craters of Mercury, 1 have reexamined the dimensfons of
peaks and rings on s8ix planets and satellites. Emphasis was on (1)
central-peak basins, small transitional basins that have both a central
peak and an inner ("centrali-peak” or "peak”) ring, and (2) the planet
Mercury, which has more (12) central-peak basins than the other bodies.
The peak ring also is defined as the inner one in two-ring basins; it is
designated "ring II" in multiring basins, where the main ring is ranked as
IV and the intermediate ring as III [9,10]. All measurements of mercurian
basins are new [11,12]; the data for basins elsewhere are either new or
were compiled from published sources [e.g., 4}. Basal diameters for
central peaks were obtained from work by the Brown ""aiversity group [e.g.,
6]. Analysis of peak-and-ring geometry suggests a. interpretation of the
crater-to~basin transition, as exemplified here by Mercury (¥ig. 1),
wherein the morphologic contrasts may not indicate a major discontinuity.

A similar pailr of correlations, between central-peak and crater size
and between peak-ring and basin size, is observed on the Earth, the Mcon,
Mercury, Mars, Ganymede, and Callisto. Both resulting linear log-log
least-squares fits exclude central-peak basins, which have a different
geometry (Fig. 1). Peak rings are fully half the size of their main basin
rings, whereas central peaks are barely a quarter the size of their host
craters; the respective logarithmic curves do not intersect on the graph
[cf. 5-8]. Log basal diameter of central peaks (D increases
monotonically with log o Fim diameter of the crater (D_ ). fhrercepts of
least-squares fits at a crater diameter of 50 km range f{rom 10 to 13 km.
Logyg diameter ot the peak ring (D or D I) also increases monotonically
witﬁ log diameter of the main or topographic, rins (D or D
Intercepts of least-squares fits at a basin size of 200 bkm range from YOO
to 110 km. The peak-ring/main-r.ng curve parallel. other Iog-log
monotonic relations between the main and remaining basin rings [9,10].
The 2:1 relation between main- and peak-ring diameter for double-ring
basins is identical to that for multiring basins [cf. 2].

Overlap of the D . /D_ and D I/D data marks the transition from
craters to basins on eaJL body e diameter range bracketing the
smallest peak ring and the largest central peak generally includes most
central-peak basins. The ranges of diameter overlap are approximate; that
for the Earth may be about 15 to 25 km, for the Moon 140 to 200 km [cf.
8], for Mercury 75 to 150 km, for Mars 45 to °~ «ua, for Ganymede possibly
70 to 120 km, and for Callisto perhaps 80 to 100 km. Some of these
threshold diameters may correlate inversely with surface gravity [13].

The geometry of central-pecak basins differs from that of coamplex
craters and other basins in two key respects. First, the relation between
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FIGURE 1. A new model for the crater-to-basin transition, exemplified by
details for Mercury, showing how peak rings replace central peaks as the
size of impact increases. Both peaks and rings follow essentially linear
monotonic relations except in central-peak basins, where both (either)
peak rings and (or) central peaks systematically Adiminish in size.
Vertical lines connecting the ring and peak of each basin emphasize this
complementary relation: either the ring is large and the peak small, or
vice versa. The least-squares fit to peak rings gfolid line, n=34,
ceatral-peak bacsins excluded) is D 1 = 0.460D vl' 5; the fit to central-
peak data compiled frog 6?, Fig. 2} (dashed line, n=140) is estimated
(only) at D, ™ O.ZSDr *77. The four tentative intermediate rings [4],
which are lagger than peak rings by a factor of about 1&? [9, 10], parallel
the first two trends.
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size of the peak ring and size of the accompanying centra. peak 1is
complementary. Second, either one or both features are smaller than they
would be had they appeared alone in a crater or basin of that diameter.
This correlation 1is eapecially evident on Mercury (Fig. 1) and Mars
(n=11). 1In at least 7 of the 12 central-peak basins on Mercury, the peaks
are substantially smaller in basal diameter than the Dc /Dr data show .o
be typical of complex craters; similarly, 10 of these bJ;ins have smaller
peak rings than the D;,/Dy, data show to be typical of two-ring and
multiring basins. In none of the 12 basins do both peak-riug and central-
peak diameters attain the larger "normal” values that are found in craters
and basins outside the transition zone. Similar, i1f less clearly defined,
complementary relations occur on the Moon (n=2) and the Earth (n=2);
Ganymede and Callisto may have no central-peak basins.

Three features of these data suggest that the crater-to-basin
transition, wherein rings replace peaks as central features, may be a less
drastic physical discontinuity than was previously thought. (1) Central-
peak basins are much more common on Mercury and Mars than on the Moon,
where breaks in the size-morphology array of impact craters were first
defined. This wider occurrence of transitional basins suggests that the
crater-to-basin change 1is less abrupt than once implied by the lunar
case. (2) Magnitude of the 'central disturbance, as reflected by size of
peaks or rings, increases monotonically with size of the host crater or
basin. The parallel D, /Dr and D I/D y Plots suggest that “normal” full-
sized central peaks anJ)peak rings both form at a level of energy that
increases monotonically with the magnitude of impact. (3) Tl:e relation
between peak and inner-ring size in central-peak basins is
complementary. At some physical threshold, rings replace peaks as the
more efficient structural expression for this fraction of cratering
energy. However, qualitative change in the form of the central uplift
does not necessarily indicate a change 1in the energy fraction {itself:
where both a peak and a peak ring form in the same small basin, one or
both features are smaller than normal. Thus the energy available for the
central disturbance probably is shared between the peak and the ring
rather than increased to accommodate both features.
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GEOMORPHOLOGY OF CRATERS ON MERCURY: FIRST RESULTS FROM A NEW SAMPLE
Richard J. Pike and Gary D. Clow, U. S. Geological Survey, Menlo Park, CA
94025

Currently we are rtreexamining in detail the morphology of fresh impact
cré.Prs on Mercury. One objective {s to explain the deviation of
mercurian craters from the postulated linear relation between surface
gravity, g, and mean diameter, Dt’ that marks the transition from a simple
to a complex morpholecgy |1]. Another objective 1is to obtain improved
depth/diameter (d/D) values that cov-elate with the other morphologic
features ot each crater (Fig. 1). Preliminary results from Mariner 10
images suggest that the simple~to-complex threshold +{s veached o+ -
smalle: crater size than indicated by earlier studies [2-6]. Just how
ruch the revised D value for craters on Mercury wili differ from the
earlier 16-km value [1] must await completion of our d/D work now in
progress and, to a lesser extent, expansion of the sample .o the planned
200 craters. The data gathered thus far, from 95 craters between 2 km and
150 km across (Fig. 1), indicate that D,  is no greater than 12 km. Our
initial attempt at a d/D curve (not shown) from this sample suggests that
the intersection of least-squares fits to distributions of simple and
complex craters lies below this crater size, between 6-ka and 8-km
diameter -- a result commensurate with the now-diminished value of Dt'

Figure 1 {llustrates the morphologic transition for the 95-crater
sample. The largest simple, deep and bowl-shaped, craters on Merciry are
no more than 13 km In diameter, whereas the smallest craters in which
unambiguous complex—crater characteristics (central peaks, flat and
shallow floors, scalloped rims, slump blocks, and wall terraces) can be
{dentified are no less than 11 km across. Craters with a morphology that
is transitional between those of simple and complex craters range in

diameter from 7 km to 16 km. Three aspects of Figure 1 warrant
emphasis. (1) The onset of wall terracing occurs at a much larger crater
size (21 km diam.) than does onset of the other five morphologic features
(11-12  km diam.). The peaks-before-terraces order on Mercury {is
consistent with that observed on other planets [1-6] and way figure
prominently in a genetic interpretation of the transition [1]. (2)

Craters with a transitional wmorphology, resembling that of such lunar
craters as Dawes and Bessel, neatly bracket the simple-to-complex diameter
threshold. Our provisional d/D data (not shown) 1indicate that such
craters are systematically shallower than simple craters; this
correlation already is evident for craters on the Moon [1; Fig. 9]. (3)
Neither central peaks nor wall terraces have been identified in the nine
transitional craters studied on Mercury. It may be, however, giveu
evidence from high-resolution lunar plctures, that nascent, low-relief
central peaks lie buried beneath the slump deposits.
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FIGURE 1. Diameter/morphology arrays for efght {nterior characteristics
of mercurian impact cratears, Depth/diameter (d/D) results are
provisional, but radical changes are not expected. Symbols denote
unambiguous identifications of morpholo~ic features on Mariner 10 {images
for 95 fresh craters: dots, observations on either simple (n=35) or
complex (n=51) craters; crosses, observations on craters (n=9) that have a
distinctively transitional morphology. Compare with data for Mars [1,
Fig. 77.

Our provisional data on crater diameter and especlally crater (epth,
which were obtained from measurements of shadow lengths, are rather crude
because the Mariner 10 Supplementary Experimentsl Data Record (SEDR) [7)
contains 1naccuracles. Severity of the resulting errors {in crater
dlameter and depth varies considerably, depending mostly on surface
latftude and the distance of a glven crater from the subspacecraft
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point. The 1:15,000,000-scale map of Mercury (8], which used the latest
mercurian control net, furnishes the most accurate positions for surface
features on the planet. We combine values of latitude and longitude from
this map with data on spacecraft altitude and the position of the Sun
(from the SEDR but 1independent of position on the planet and thus not
subject to errors in the calculated parameters) and 1input them to an
algorithm that recomputes view angle, sun angle, phase angle, and image
scale for each set ¢f points required to generate a crater diameter aund a
shadow length. This algorithm, which curren~ly is being encoded, enables
any crater for which a shadow length can be measured to be used for d/D
analysis, no matter how strongly foreshortened its image on Mariner-10
plctures. Besides greatly improving che quality of d/D analysis for
Mercury, this added flexibility expands the sample of fresh-looking
craters that can be included in morphologic investigations on any planet.

Although the results thus far are preliminary, our data suggest that
the tcansitfon from simple to complex craters on Mercury occurs at a
smaller diamater than indicated by earlier data. However, the 7 ka to
12-km~diameter range within which the revised transition probably lies
will not necessarily include the 8 km value of D_ that would be
consistent with an inverse functional relation with g or silicate bodies
(the relation for nonsilicate bodies differs [9]). Thus the
anomalousiy high D  value for Mercury probably is real, if not so large as
previously thought. We do not expect the revised D value for craters on
Marcury to be so low as the 6-km value obtained for craters on Mars [1l], a
difference almost surely ascribable to the diverse physical properties of
the targets. The provisional new value for D, on Mercury remains
consistent with the possible fourth-power scaling recently proposed for
the g:Dt relation [10]). Finally, detailed analysis of mercurian craters
characterized by a transitional wmorphology may further elucidate the
simple-to-complex problenm.
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A NEW TIME-SAVING CRATER-COUNT TECHNIQUE, WITH APPLICATION TO NARROW
FEATURES
Kenneth L. Tanaka, U.S. Geological Survey, Flagstaff, AZ 86001

Standard crater-counting techniques on planetary surfaces (1) have
been vital for stratigraphic correlations of geologic and geomorphic
units. They have, however, required tedious, time-consuming, and eye-
straining effort, and the results have been limited to the average
crater density of a given area. A new technique (originally
conceptualized by Laurence Soderblom) has been devised that reduces the
number of small-diameter craters to be counted. The same method can be
employed separately to obtain crater counts for superimposed or
protruding geologic features such as faults, scarps, ridges, crater
rims, and channels.

The new technique is based on the observation that a Tinear (or
curvilinear) feature(s) of limited or insignificant area has a density
of superimposed impact craters that depends on the area defined by the
crater diameters. Thus, an areal crater density can be calculated on
the basis of the sum of the areas of these linear features, including a
surrounding area that depends on the average crater size selected ‘or
counting. Because the extent of crater-ejecta blankets may vary
considerably for a given craver diameter, only craters whose rims
overlap the linear features are counted. For a given linear feature, Ay
is defined as the area contained by the envelope circumscribing one
crater radius R outward from the outer edge of the feature (see Figure
1). Expressed in equation form,

Ap = LM + 2RL + 2RW + mR? (1)

where L is the length and W the width of the linear feature.

Crater densities may be calculated by summing individually
determined counts ‘rom largest to smallest crater diameters. Usually,
however, crater diameters are binned within size limits. If the
individual diameters are measured, their arithmetic mean [the geometric
mean, used by (1), is incorrect] can be used as an average diameter.
Otherwise, a weighted mean diameter can be calculated on the basis of
thg observation that most cumulative crater counts are progortional to
D™, where D is the crater diameter; i.e., N. = (const.)D”~. The
average diameter D of D, and Dy (D, > D;), weighted by the crater-
density function, is

Dy
fp, DdN L (0,72 - 0 -2y
b= =3 N (2)
D, 2 3 3
Jp N b a
d

The cumulative count is the sum of the individual counts, starting
with the largest bin size. If the largest bin size, bin 1, contairs Ny
craters, the next largest bin size, bin 2, n, craters, and so forth,
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then

k
N, = Z nj/A., (3)

where Aj is the area that corresponds to the average crater diameter of
the jth bin. Finally, letting

K
N= 7§ n. (4)

be the number of cumulative craters in the kth and larger diameter bins,
the one-o confidence internal is N./\!/2.

Crater densities for densely cra@ered terrain or large areas, or
both, can be determined quickly by overlaying the area with a template
of Tine segments and counting the craters that intersect the lines. So
as not to count large craters repeatedly, the spacing between line
segments should be greater than the largest diameter crater being
counted. If these lines are given width, it will cause more smaller
craters to be counted. When linear geologic features are being counted,
each feature must be measured for length and width. For curvilinear
objects, such as crater rims, equation (1) can be modified to more
accurately determine the crater-count areas.

The crater line-count method presented above is currently being
used in conjunction with 1:15M scale mapping and global stratigraphic
studies of Mars, employing the 1:2M photomosaic subquads for the
counts. Preliminary results in the Lunae Planum region (MC 18 SW)
confim the usefulness of this technique. Figure 2 compares the crater-
density curves of a standard area count, an area line count, and a count
of the mare ridges. The area line count used a template of line
segments 1 by 90 mm (corresponding to 2 by 180 km) at 10 mm (20 km)
intervals. As an expediency, only the central or crestal 0.5 mm (1 km)
of the mare ridges were exanined to better control the counts of small-
diameter craters. Table 1 shows that the compromise of greater error
for counting fewer swmaller-diameter craters is not overly serious. An
unexpected result is the older crater age of the mare ridges.
Compatibility of the area line counts with those obtained for Syria
Planum lava flows [unit sp; (2) of MC 17 SE] indicates that the mare
ridges are protruding remnants of an older surface that has been embayed
by younger lavas. Locally, this relation 1is observable (e.g., at lat
20 S., iong 80 W.). The older surface 1s correlative with subdivided
ridged plateau materials (3).

References

(1) Crater Analysis Techniques Working Group (1979) Icarus, 37, 467-
474,

¢) Scott, D. H., and Tanaka, K. L. (1981} Icarus, 45, 304-319.
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THICKNESS AND DISTRIBUTION OF VOLCANIC MATERIALS ON MARS:
A PROGRESS REPORT

R. A. De Hon, Department of Geosciences, Northeast
Louisiana University, Monroe, La. 71209,

Unlike the moon, martian volcanic materials exhibit a
wide range of ages, widespread distribution, and multi-
plicity of surficial characteristics (1, 2). Martian
volcanic materials range from positive constructional
features to lowlying plains. A minimum volume of material
may be derived frow the topography of the volcanic con-
structional features. The thickness of some plains-
forring materials may be estimated by the extend these
materials bury pre-existing craters. On Mars, with an
active erosional regimen, the relationship between crater
diameter and rim height is less precise than that of the
moon (3, 4), but a general trend is assumed to be
preserved if burial is sufficiently rapid.

The current status of martian thickness studies and some
generalized trends in distribution of volcanic materials
are reporter here (Table 1). Photomosaic hase maps of
Mars are incomplete ; hence, the thickness
studies are incomplete. Isopach maps of volcanic plains
materials require more detailed control of unit contacts
than are available at this time.

Approximately 600 thickness estimates over 357 of the
martian surface are incorporated in the data base. The
data distribution is random to clustered depending upon
the presence of suitable materials, the age of the sub-
jacent surface, and the thickness of surficial materials.
The average thickness of the data is approximately 800 m
+ 300 m. Many regions of materials in excess of 2 km
thickness are not included in the data; hence, the bulk
of the data tends to be weighted in terms of southern
highland intercrater materials.

Major volcanic centers liominated by positive construc-
tional forms (such as the Tharsis and Elysium regions)
are beyond the capabilities of thickness measurements
based on buried craters. The volume of materials within
the constructs may be estimated from surface geometry,
but thick deposits adjacent and subjacent to these
centers have unknown subsurface configurations. Only
minimum values may be estimated from surface configura-
tions and from the assumption that thicknesses exceed
1.5-2.0 km. Volcaric materials exceed a thickness of
1.5 km throughout most of the Tharsis Province, Elysium
Planum, and Syrcis Major Planum. Measurements less than
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TARLE I
CURRENT STATUS AND RESULTS OF THICKNESG STUDIES
PROVINCE
SECTION THICKNESS RANGE NATURE GOF MATERIAL AND OBREPVATION
TAARSIS
Olympus 0.5~0.75% km Surficial flow materials and aureole
of volcanlc construct. Total
thickness unmeasured.
Alba 0.5=1.0 km Low | tera and flanking materlals.
Cer..ral mass not measured.
Tharsis
Montes 0.5~1.0C kn Lobate surficial flowse.
Sv-1a-Sinai 0.25-0.7% km Surficlal flows similar to Tharsis.
Lunae 0.0-1.5 km Ridged plains-forming materials,

Measurcments arc total thickness
of exposed materials,

NORTHERN LOWLANDS

Chryse 0.25-1.0 km Ridged maierials in basin. Deepest
portion unmeasured.

kmazonis

Arcadia Scattercd measurements with insuf-

Acidulia Incomplete Data ficient data distribution to

Utopia deteriine trends,

Isidis

Elysium >1.5-2.0 km Volcanlc flows ussoclated with

Flysium and Hecatez Mons,
SOUTHERN HIGHLANDS
WESTERN LUBPROV.

Wesatern ¢.0-1.25 km Discontinuous ridged plains-
Hignlands forming materials in topoe
graphic lows. Similar to
Lunae Planum materials bu®
more cratered.

CENTRAL SUBPROYV.

Central 0.0- 1.25 km Sane as Western Highlands.
Highlands
Argyre No Data Basin ril1.
Syrtis Major >1.5-2.0 xm Low patera with in basin, Thin
adges and thick center,
Australe 0.5-2.0 km Plateau volcanics with patera.
Incomplete Data Extensive distribution on SW

flank of Hellas Baain.

Eastern No Data Same as Weetern and Central High-
Highlanis lands
hiesperia No Data Patera complex with wildespread

flanking ridged plalins material.
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1 km are found only along the outer edges of the exten-
sive volcanic piles (3, 4) and on surficial mantling
flows (4, 5).

In the highland province, probable volcanic materials
exist as low patera, basin fill, and plains-forming
materials flooding low lying terrain, Contacts with the
more highly cratered materials range from sharp to grada-
tional depending upon the nature of the topographic low
into which the meterials are emplaced. Partially buried
craters allow reasonable estimates of thickness, but the
absence of adequate contact relationships and comprlete
map coverage do not allow volume estimates. Current data
suggests that the thickness of volcanic materials aver-
ages less than 1 km throughout the cratered highlends
with Iocal thicknesses in excess of 1.5-2 km in major
basins only (Table I).
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MAPPING VOLCANIC FEATURES ON MARS
Moore, H. I., U.8. Geotogfceal Survey, Menlo Park, CA 9402%

Photogeologle analysais and planetwide mapping of martian volcanic
features shown {n Viking plfetures yield the following: (A) tdentiftcation of
volcauic conters with rmall edifices [1, 2]; (B) {dentification of lava
flows on or near Tyrrhena, Biblis, Ulysses, and Urantus Paterae, the
northern platng, and the Mareotis=-Tempe uplands; (C) cwnfirmation of the
exlatence of parasitic shields and flank eruptions from Araia, P:vonts, and
Ancraeun Montes [3, 4] (D) an (ndication of the distrtbutton of lava flows
related to the various montea and other volcanic centers; (E) contirmation
of the general concordance hetweon prasent-day topography and the paleo-
slopes {nferred {rom snome lava flows [5]; (F) {dentification of locations,
fucluding Tharsis, where there are discordancea between present-day
topography and the palecalopes inferred from some lava flowa; (G) general
apgrecment with other workers on the relative ages of most volcanoes and
voleanic centers [6]; (H) concurrence that the elevatfons and heights
attafned by the large volcanoer tend to {ncrease over time but that evap-
tions at low elovations persisted throughout the same interval [7]; and (1)
fdent {ttcat ton of previously aurecogntzed chamnel depostta,  Theae results
have been complled on maps at 1:25,000,000 sealo,

Detalled mapping of the Elysium Mons reglon suggests that constderable
valumes of water were released during voleanfam. FEvidence for these large
volumes of water fncludes: channels with streamliaed {alands that arise from
the 'arge “cobrahead” rilles near the outer edges of the Elyatum voleantc
deposits, a tvpe of chaotic terrain that has tormed {n the voleanle deposits
and sub Jacent unita, and {rolated features to the north that resemble miberg
Wille [8, 9] and hyaloclastite ridges [10]. Intersectfon of some rilles and
chaos with Elystum volceanic depoafts, and superposftion of Flysfum deposfits
on other ritles prove that voleaniam and release of water were contempor-
ancoun.,  The mdberg-1ike hills suggest that some, 10 not all, of the water
origiuated trom acar-surtace geologic untts, but a primavy origin for some
of the water cannot be excluded.

Retotrences:

(1] Meore, H. J. and Hodges, €. A., 1980, Some martfan volcanic centern
with amall ediftces: Repts. Planet. Ceol. Prog., 1980, NASA ™
B2 IBRS, p. 266-2068,

(4] Hodgesa, C. A., 190, Tempe-Mareotis voleanfc province of Mars: Repta.
Planet. Geol. Prog., 1979-1980, NASA TM 8177¢, p. 1B1-1813,

[3] Crumpler, L. 8. and Aubele, 1. C., 1978, Structural evolutlon ot Arala
Mouns, Pavonis Mons, and Ascreus Mons: Tharsis reglon of Mars:
learun, v 34, po 496-511,
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GEOLOGIC MAP OF OLYMPUS MONS
E. C. Morris, U.S. Geological Survey, Flagstaff, AZ 86001

Detailed geologic mapping, based on high resolution Vikirg orbiter
photography, has delineated stratigraphic and structural elements of the
huge shield volcano, Olympus Mons (Fig. 1). Its flanks are covered by
thin, low-viscosity lava flows, and on the northeast and southwest sides
of the structure, young flows have partly buried the escarpment that
surrounds the volcano and have streamed out onto the basal plains to a
distance of alwost 200 km (1). Ages of the flows are determined by
stratigraphic relations and morphologir characteristics. Flows on the
lower and upper flanks differ distinct y in character and in age of
emplacement. Flows on the lower flanks are typically long, and narrow
and have levees; they are several hundred meters to a kilometer wide and
10-100 km Tong (1). These flows are the youngest features of the
volcano, and they appear fresh and pristine compared to the older flows
on the upper flanks and summit. The most recent of the young fiows have
distinct lobate terminations and sharp boundaries (Fig. 2), and are
found mostly on the south and north flanks. Flows on the upper flanks
and near the summit have rough, humnocky surfaces and are indistinct;
some are stubby and a few others are broad and sheetlike.

01ympus Mons probably grew over a long period of time with many
eruptive episodes (2). Lava flows are numerous and extensive; their
boundaries are intermeshed and generally indistinguishable. Only the
young postscarp flows are mappable as distinct flow units. Consequently
only prescarp eruptions and two major postscarp eruptive sequences have
been delineated on the fianks of Olympus Mons (Fig. 1).

The basal material upon which Olympus Mons was built is exposed in
the north, northwest, west, and southeast segmnents of the complex scarp
that surrounds the volcano. Blocks of this material are found along the
rim of the scarp dipping toward the center of the volcann. The surfaces
of some of these blocks, where exposed, show channels and grabens
similar to those on the fractured plains material east of Olympus
Mons. However, a few exposures of scarp material in the west segment
have a corrugated or ridged surface suggestive of the surface of some
aureole material (Fig. 3).

Landslides and slump blocks are prevalent along the western
scarp. Two sections of the scarp, one almost 100 km wide, have
collapsed and flowed onto the adjacent plain. The eastern segments of
the scarp do not have landslide and slump features which may indicate a
difference in the strength of the materials that make up the scarp.

References

(1) Carr, M. H., Greeley, Ronald, Basius, K. R., Guest, J. E., and
Murray, J. B. (1977) Some martian volcanic features as viewed
from the Viking ortiters, J. Geophys. Res 82, p. 3985-4015.

(2) Carr, M. H. {1981) Yale University Press, 232 p.
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Figure 1. Geologic map of Olympus Mons.




Figure 2. Young post-scarp lava flows on Jlympus Mons. Long narrow
leeved flows are clearly defined on older indistinct flows. Width

of picture 118 km (Viking Orbiter 890A66).

Figure 3. Western segment cf the basal scarp of Olympus Mon (138.4° W.
long, 19.5° N. lat). Scarp is formed by a block of material
dipping inward towards the center of Olympus Mons. The upper
exposed surface of the block (a) has a number of subdued
anastomosing ridges similar to the surface of the aureole

material. Arrows point to dark streaks in talus formed from the
weathering of the scarp material. Width of picture 18.5 km (Viking

Orbiter 476526).
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LAVA FLOW MATERIAL ON THE MOTTLED PLAINS IN MARE ACIDALIUM QUADRANGLE (MC-4),
MARS

Witbeck, N.E., and J.R. Underwood Jr., Department of Geology, Kansas State
University, Manhattan, Kansas 66506

The mottled plains material has been one of the most difficult of the
plains units to define and interpret. There are few clues as to the origin
of this extensive unit. In Mare Acidalium quadrangle only a few high-reso-
Tution strips of imeges were taken in the mottled plains region by the Vik-
ing Orbiters. One of these high-resolution strips of images suprisingly
revealed evidence of relatively recent volcanic activity. This volcanic
region is centered at approximately 47°N, 25°W.

Lava-flow lobes are a distinctive characteristic of young volcanic
provinces on Earth and Mars (Carr et al., 1977). Several lava flows have
been identified on the mottled plains between latitudes 44°-48°N and longi-
tudes 20°-28°W. Figure 1 shows the best example of these lava flows. The
source of these flows is uncertain. The flows may have originated from fis-
sures that were subsequently buried, or from central vents ?Fig. 13

This volcanic region was mapped in detail and is included as Figure 2.
Dissected and fractured plateau material (pldf) occurs in the northwest cor-
ner of the map area. The plateau surface is smooth ana is cut by a number
of fractures and troughs that commonly trend nortn-south. Several troughs
and a large circular depression on the plateau are embayed by low-albedo
plains materials. The knobby terrain (k) is interpreted as erosional rem-
nants of the higher plateau surface. The dissected and fractured plateau
material is interpreted to be an isolated remnant of the cratered plateau
800 km to the southeast. The fractures that cut the plateau may be tectonic-
ally related to the recent pulse of volcanic activity. Alternatively, they
may be the result of more regional stresses.

The subdued patterned mottied plains material (pmps) surrounds the dis-
sected and fractured plateau. Patterned or fractured plains are common in
east-central MC-4. In the map area th- pattern of troughs is observed to
be more discontinuous than that seen in other areas in east-central MC-4.

The presence of lava-flow fronts, pressure ridges, and possible volcanic cones
on the subdued patterned mottied plains suggests that voicanic flow rock fills
or partially fills pre-existing troughs.

Small (-1 km diameter) mound-like domes with or without summit craters
are ubiquitous in this region (Figs. 1,2). Several origins have been suggested
for these features including: (1) cinder cones (Wood, 1979); (2) pseudocraters
formed by iava flowing over water-saturated ground (Frey et al., 1979), (3)
pingos produced by the arching of frozen ground forced up by the intrusion of
water (Wood, 1979); or (4) small impact craters that were eroded to inverted
relief (Masursky and Craabill, 1976). The associati 1 of these domes with
volcanic plains tends to support the interpretation these features as vol-
canic.

The discovery - . recent volcanic features in t. 5 region is important
because it lends support to the theory that volcanic .aterial has resurfaced
parts of the mottled plains.
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Figure 1. A Tlava flow on the mottled plains in southern Acidalia Planitia.
The flow in the center of the image is approximately 48 x 25 km.
The arrows indicate small domal structures that resemble pedestal
craters but may in fact be small volcanoes. Small (< 1 km diameter)
cratered domes occur at the bottom of the image. Viking frame
35 A 32 (45.4°N, 28.4°W);north is to the top of the image.
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SURFACE TOPOGRAPHY AND EMPLACEMENT MECHANISM OF PYROCLASTIC FLOWS, MT, ST.
HELENS: IMPLICATIONS FOR INTERPRETATION OF MARTIAN VOLCANIC TERRAINS

C.A. Neal and S. Self, Department of Geology, Arizona State University, Tempe,
Arizona 85287

Six eruptions of Mt. St. Helens during 1980 produced pyroclgstic flows.
This sequence of deposits, estimated to be equivalent to 0.12 km® of dense
dacite (1), formed a broad fan extending 8 km N of the mountain. At present,
erosion is proceeding very rapidly. As of August 1982, less than 20% of the
original pyroclastic flow surfaces remained intact and only small patches of
pristine May 18, June 12, and July 22 deposits could be found. Especially
erosive were mudflows generated by the explosive eruption of March 19, 1982.

In the extreme western portion of the fan, a local high of primary May
18 material surrounded by deeply incised drainages has escaped modification.
Here, good but limited exposures of primary surfaces will probably remain in-
tact for several more seasons. In an effort to document these features and
to develop a model for flow emplacement, field work was carried out in Octo-
ber 1980, August 1981, and June-August 1982.

Deposits of the May 18 eruption are characterized by three distinct
facies (2) each of which display a different surface morpholoay. These are:
1) a near-vent veneer deposit on the steep slopes of the volcano with subtle
surface dune-like forms (A <50 m); 2) a medial, thick ( <40 m) ponded facies
which has a gently undulating surface (1 =1 km) and subdues topography; and
| 3) a medial to distal coarse pumice flow facies characterized by channels and
i levées, breakouts, meter-high flow fronts, ramp structures and distinctive
} surface pumice concentrations (Figures 1 and 2). These lobate flows were

erupted late on May 18 ard cover the ponded deposit, extending beyong it in
some areas to 10 km from the vent. Facies 3 flows are almost identical in
morphology to coarse pumice and ash flows emplaced by the five subsequent
eruptions during 1980. However, the May 18 flows are larger in volume and
hence possess greater run-out distances than the post-May 18 flows.

Comparative studies of surface morphology and internal structures of
each type of Mt. St. Helens pyroclastic flow supports the interpretation that
the May 18 flows were more fluidized than those of subsequent eruptions (2,3).
Large volume facies 1 deposits contain a higher proportion of fines, were of
lower yield strength and were possibly more inflated during run-out. The
result was thick, ponded deuosits with a generally smooth upper surface. In N
contrast, surface relief up to 10 m characterizes the late May 18 (facies 3)
flows and those from later eruptions. These possess surface features indic-
ative of higher yeild strength (2,3), consistent with a lesser degree of
fluidization. Such a trend may be produced by a general decrease in the size
of erupted magma batch and a decrease in fragmentation of magma. Both may
reflect the tapping of an increasingly volative-poor magma.

Similar observations on coarse, lobate (poorly fluidized), young pumice
and ash flows have been made at Fuego, St. Augustine, and Novarupta volcanoes,
reoresenting a compositional range from basaltic andesite t) rhyolite.

Results suggest that such flows are a common, late-stage phenomenon of pyro-
clastic flow-producing eruptions.

L
3
L




It has been cautiously suggested (4-7) that recognition of extraterres-
trial pyroclastic flows on the basis of surface morphology may be possible.
So far, no unique identifying morphological feature of appreciable scale has
been documented (8-10) for terrestrial pyroclastic flows. Results from our
work, unfortunately, imply that this may be the general case. Although the
morphology of the small volume pumice and ash flows at Mt. St. Helens is
distirctive when viewed at close range, the scale of even the largest
features is far too small to be resolved with available Mariner and Viking
imagery. No relationship can be demonstrated between the volume of a pyro-
clastic flow and the scale of surface features. Furihermore, our study
suggests that there may be an inverse relationship. We therefore suggest
that large and medium volume pyroclastic flow deposits, e.g. Bandelier
Tuff, Valley of Ten Thousand Smokes, need not possess large surgace features.
Similarly, we suggest th2t pyroclastic flows on Mars can not be expected to
possess resolvable surface features of the type characterized by late-
stage, coarse pumice and ash flows.

Inherent in this discussion is the premise that mechanisms of pyro-
clastic flows on Mars are similar to those operating on Earth. To continue
to speculate on this subject, it is necessary to first refine our under-
standing of terrestrial volcanologic phenomena such as the generation (11),
fluidization (12), and deposition (13) of pyroclastic flows. From these
efforts, it is conceivable that a list of truly diagnostic criteria - in-
cluding distribution, style of modification, and surface morphology - will

: emerge.
'!
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Figure 1. Low altitude, oblique aerial photo of western edge of
pvroclastic flow fan (7-8 km from vent) showing distal fa ies
(facies 3) of May 18 deposits. Note multiple lobate flow fronts,
breakouts, and coarse pumice texture. Small pit at lower righc
is approximately 2.5 m across.

]

Figure 2. Close-up of boxed area in Figure 1. Prom-
inent leveed flow is approximately 10 m long and av-
erages 50 cm in thickness.
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CRITERIA FOR IDENTIFYING PYROCLASTIC FLOWS ON HIGH- AND LOW-
RESOLUTION IMAGES: THE MOUNT ST. HELENS PUMICE PLAIN
Charles W. Criswell and Wolfgang E. Elstonm, Department of Geology,
University of New Mexico, Albuquerque, New Mexico 87131

Identification of ignimbrite and related pyroclastic-flow deposits on
Mars and Io has been hampered by lack of criteria by which such deposits
can be identified on terrestrial air photos or satellite images. An an-
cient terrestrial ignimbrite tends to be characterized by a flat and rela-
tively featureless surface. This is not a primary surface, but the top of
a welded zone from which an upper unwelded zone has been stripped by
erosion. The 1980 eruptions of Mount St. Helens gave a rare opportunity
to observe primary surface features of unwelded pyroclastic-flow deposits
in the continental U.S. This opportunity is passing because o rapid erosion.

Photogeologic and field studies of the Mount St. Helens pumice plain
reveal that the sheet-like deposits described by Rowley and othersl are
lobate in outline. Margins along free flow boundaries are gerrated due to
overbank and breakout flow lobes. Surface features can be grouped into
eight categories that may reflect the emplacement processes (numbers also
correspond to those used on Figure 1).

1. Ridged channels; characterized by longitudinal channels and one
or more sets of longitudinal ridges, 1-3 m high, interpreted as levees.
Levees are generally composed of fines-depleted pumice clasts.

2, Ridged plains; characterized by low anastomosing ridges. Topo-
graphy undulates, with relief of several meters and the surface 1is marked
by low ridges, a few centimeters to decimeters high, with longitudinal,
transverse, festoon or eddy patterns. The material comprising the ridged
plains is generally finer-grained than in ridged channels and therefore
experienced fewer grain-grain interactions during fluidization. This re-
sulted in lower yield strength and lower ridges.

3. Ridged flank deposits; variation of the ridged plains, which
occur on the northwest flank of the volcano. Low (<< 1 m) longitudinal
braided ridges are interpreted as products of high-energy (uigh fluidiza-
tion?) flow. Deposits < 1 to 3 m thick tend to veneer the topography.
They are interpreted as having formed from pyroclastic flows that ramped
off the steeper slopes of the volcano, expanded, and became diluted with
air (P. Rowley, 1982, pers. comm.). Similar features are noted in depos-
its of June 12, 1980 which are thought to have been more fluidized than
otter flows of 1980 (R. Hoblitt, 1982, pers. comm.).

4. Corrugated plains, characterized by closely spaced transverse
wrinkle ridges and commonly enclosed by a single border levee. The

transverse ridges are thought to have formed from low-energy pyroclastic
flows with lese intemmal shearing than those producing longitudinal
ridges.

5. Smooth cratered plaims, characterized by phreatic pits and a
nearly flat to gently undulating blanket of ejecta. Phreatic explosions
were penecontemporaneous with flow emplacement. Large (> 10 m) phreatic
pits are common at Mount St. Helens, but pits below resolution may produce
the same effect. Phreatic pits can only form in the presence of surface

water, shallow ground water, OT ground ice.
6. Low-angle (10-30°) scarps, which truncate primary flow features.
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The scarps seem to have resulted from slope failure. Secondary pyroclas-
tic flows, which drained from the failing slopes, are difficult to dis-
tinguish morphologically from primary deposits, remmants of scarps may be
diagnostic.

7. High-angle (>30°) scarps, a few meters high, bordering low
smooth-surface "mesas'. Scarps are best developed on the upstream side.
The mesas appear to be isolated remmants of the same flow deposit, prob-
ably erupted on June 12, 1980. The lendform bears a striking resemblance
to certain features on Io. The scarps could have been formed through
erosion by subsequent high-energy flows, or by slope failure, or by both.
Unfortunately, the June 12, 1980 deposits of Mount St. Helens were nearly
totally uestroyed by mudflows in the spring of 1982.

8. Scalloped, high-angle scarps that truncate primary flow features,
but did not generate secondary pyroclastic flows. The scallops are gen-
erally semi-circular. The scarps are believed to have formed by collapse,
possibly due to melting ice in the debris-avalanche daposit2 that uncder-
lies the pyroclastic flows. Hummocks at the base of the scarps are
evidence for a collapse origin.

Landforms 1, 2, 3, 4 and 8 are not diagnostic of pyroclastic flows;
similar features can be seen on lava flows, mud flows, deb:is flows and
glacial deposits. The large pits in the smooth cratered plains, 5, may be
diagnostic. Collapse pits on lava flows or glacial moraines have no rims.
Rimmed craters without blocks suggest explosion within a low-cohesion
material. If other criteria suggest flowage,the material is likely to be
pyroclastic. The pits may be difficult to distinguish from small bowl-
shaped impact craters and ages based on crater counts would be spurious.

Low- and high-angle scarps, 6 and 7, may be even more significantly
diagnostic of pyroclastic flows, because they do not require shallow water
or ice, as do phreatic pits. Scarps that fail, releasing secondary flows,
should be characteristic of low-cohesion, fluidized material. Isolated
mesas bordered by high-angle scarps are probably sculptured by subsequent
high-energy flows; the material of the mesas presumably had the low coher-
ence characteristic of pvroclastic depusits.

would features observed on pyroclastic deposits at Mount St. Helens
be of a scale observable at the 1esilution of spacecraft images?

Surface features were mapped on black-and-white air photos, flown in the
summer of 1980, with resolution of about 1 meter, far greater than space
images. However, several features could also be observed on Landsat III
images with 30 m resolution (RBV), within the range of the best space
images:

I The pumice plain has a lighter tone than surrounding areas that
are mantled by a blast deposit3 of less vesiculated ash, similar to pumice
in compusition.

11 Tonal variations within the pumice plain suggest that separate
flows contributed to the depasit.

III Phreatic pit craters are discernible, associated with the darker
and possibly smoother areas. Craters in the more hummocky terrain of
debris-avalanche deposits lack ejecta blankets.

1v The light, variably toned pumice plain appears flatter and much
less structured than either the surrounding areas of pre-eruption topo-
graphy mantled by blast deposits or the hummocky debris-avalanche depousits
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in valleys below the pumice plain.

Sparks and others noted the s
in pyroclastic flows "gtandard ignimbr
ranging in volume from <i to >30 km3,
rhyolite to basalt. This suggests that
vary with volume, but rather
hoped that some f
St . Helens can be extrapolated to large
the manner that Shoemaker®,7 extrapolat
Arizona, to Ccpernicus.
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EXAMINATION OF A TEPHRA DEPOSIT ON THE GREAT RIFT

OF THE SNAKE RIVER PLAIN IN SOUTHEASTERN IDAHO

Leeda E. Marsh and John S. King, Department of Geological Sciences,
State University of New York at Buffalo

King's Bowl is the largest orater located on the King's Bowl
rift set, one of the fraoture sets of the Great Rift System of Idaho.
King's Bowl ie loocated approximately 35 km from American Falls in
goutheastern Idaho. The King's Bowl lava field represents one of the
youngest flows cn the Snake River Plain and has been dated at
2130 # 130 years before present (Prinz, 1970). Field studies indicate
that the eruptive sequence at King's Bowl concluded with a period of
phreatio activity which cov:red an area of at least two square
kKilometers with a blanket of tephra.

The tephra ranges in size from large blocks down to clay size
particles. Blocks and larger fragments predominate on the west side
of the rift. In contrast, the east side has some blocks but ash
predominates due to the prevailing westerly winds at the time of
eruption. The surface tephra on the east side of the rift covers a
relatively thick layer of loess. A trench was dug revealing the
following sequence from surface to depths tephra, loess, a
relatively thin ash layer, loess, and & hase of lava. This sequence
may be interpreted as representing either two periods of phreatic
activity, or alternatively tae transportation of tephra from the site
of its original deposition to its present position above the loess.
Another phenomenon vhich supports two periods of activity in the airea
are "squeeze-ups" situated on a loessal surface. Squeeze-ups which
are bulbous masses of lava from 0.5 m to over 2 m across exist on both
sides nf the rift although they are much more numerous on the west
(k10 gy 1977). Field relations indicate that most of these masses
represent lava squeezed up from benesath the surface, but those which
lie entirely on loess may have been gemi-molten ejecta.

The tephra consists of vitric fragments as well as lithic
fragments of wall roock. The tephra varies considerably in color,
ghape, and texture. The color ranges from dark gray to a yellowish
brown to a brick red. Most particles are very angular, but range to
subround. Textures vary from very dense to highly vesicular. The
yellowish brown color may rerresent palagonitization. Preliminary
petrographic analysis has revealed a reddish brown isotropic substance
surrounding most fragments which may be palagonite. This alteration
prooess (palagonitization) may be the result of interaotion of the
lava with the water table at the time of eruption or of subsequent
weathering. Further chemical and petrographic analysis is being
conducted to verify the presence of palagonite and to better
characterize the operative alteration processes.

Examination of the interrelationships of the King's Bowl tephra,
squeese-ups, and loess should provide & better understanding of the
eruptive sequence and alteration processes active over the last 2,000
Yearse.
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LAVA CHANNELS ON TIIE EASTERN SNAKE RIVER PLAIN, IDANO AND
THEIR RELATION TO SIMILAR LUNAR AND MARTIAN FEATURES
Harris Econcmou and J.S. King, Department of Geological
Sciences, State University of New York at Buffalo

Lava channels are commonly associated with basalt flows
of the Eastern Snake River Plain, Idaho. Continuing research
has indicated that selected lava channels on the Lastern Snake
River Plain resemble some lunar and Martian features. Several
channels on the eastern plain were identified and examined in
terms of their formation and morphologic evolution. The study
also photographically examinec numerous channels on the Moon
and Mars which are believed to have formed by volcanic
processes similar to those responsible for terrestrial lava
channels,

One such terrestrial channel located in south-central
Idaho is Inferno Chasm (fig. 1). Lxtensive field research
indicates that Inferno Chasm's sinuous 1.5 kilometer-long
lava channel formed when the margins of an active lava river
which was fed by the vent solidified to form bounding levees.
As the eruption proceeded the volume cof flow material in the
river increased and overflowed the levees bounding the channel.
Local blockages in the channel may also have caused the lava
river to overflow its banks. Whatever the cause the overflow
lava quickly solidified. Repetition of the process heightened
and enlarged the levees which now have a maximum height of 30
meters near the vent and progressively decrease down channel.

. Y $ o Y 25 gy N

Figure 1. Vertical aerial photograph of
Inferno Chasm. Width of photo equals
2,0 kilometers.
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Figure 2, Lunar Orbiter Photograph of
sinuous rilles near the crater Prinz.
Width of photo equals 60 kilometers.

Figure 3. Lunar Orbiter FPhotograph of
Schroters Valley., Width of photo equals
156 kilometers.

150




. i ek o e g L

ORIGINAL PAGE IS
OF POOR QUALITY

Greeley (1977) first noted the morphologic resemblance of | §
twe lunar rilles near the crater Prinz (fig. 2) and hypothe- ;
sized a similar volcanic origin to Inferno Chasm. Research in | §
this study suggests the rilles formed by a sequence of events B
much like those responsible for Inferno Chasm, Further '
research in this study revealed several other sinuous lunar
rilles which strongly resemble Inferno Chasm., One of the most
striking examples of these is Schroters Valley, a 150 kilo- { ]
meter long rille which flows into Oceanus Procellarum (fig. 3). RS

) . .' \.“u
Figure 4. Viking Orbiter Image of Elysium
Mons summit caldera and associated lava
channels. Photo width equals 100 kilometers.

Martian channels such as those located on Elysium Mons
(fig. 4) and Hecates Tholus were alsc examined in this study.
Mutch and others (1976) identified the channels as volcanic
lava channels. The results of this study agree with Mutch nd
others and suggest the Martian channels formed by processes
similar to those which formed Inferno Chasm and other channels
on the Eastern Snake River.

Greeley, R, and P.,H., Schultz, 1977, Possible Planetary
Analogs to Snake River Plain Basalt Features, In Greeley and
King, eds, Volcanism of the Eastern Snake River Plain, Idaho:
A Comparative Planetary Guidebook, NASA, p. 233-251,

Mutch et al., 1976, The Geology of Mars: Princeton, N.J.,
Princeton University Press, 400 pp.
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THE ORIGIN OF THE CHENIER CRATER FLOWS

B.R, Hawke, PLanetary Geosciences Div., Hawaii Inst. of Geophys., Univ. of
Hawaii, Honolulu, HI 96822; J. Whitford~Stark, Dept. of Geology, Univ. of
Missouri, Columbia, MO 65211

Introduction: The orijin of the flows in Chenier crater on the Llunar
farside have long been the subject of intense debate. A veriety of vol-
canic (e.g., El-Baz and Worden1, West?, Vitletlad and impect (Whitford-
Stark and Hawke?) origins have been suggested. In particular, Villella
argued that the flows originated from the subsurface movement of magma gen—
erated as a result of the Tsiolkovsky impact event. As a result of recent
studies of lunar impact melt and clastic debris deposits, sufficient evi-
dence now exists to demonstrave an impact melt origin for these enigmatic
flows,

Morphology of flow units: The two flowe under consideration occur in
the fioor of Chenier crater which is a 37 km pre-Tsiolkoveky impact struc-
ture located 21.5 km northeast of Tsioclkoveky. The Llongest flow (flow 2)
extends for 14.7 km and varies in width from "3 to ~5 km. The flow thick-
ness is quite variable, being thinnest where the unit crosses a topographic
inflection. There is evidence that the flcw material originally covered a
larger area but moved downslope to merge with the main unit. The surface
texture of flow 2 varies from pitted to generally smooth and exhibits nei-
tner longitudinael nor transverse ridges. The shorter of the two flows
{ftow 1) is 8.7 km in length and varies from about 1.5 to 2.3 km in width.
Topographic data suggests a maximum thickness of about “150 m. Lsteral
ridges exist along portions of the flow and one or more grooves can be seen
along much of the length.

Origin snd mode of emplacement: Although the flows are concentrated in
topogrephic Llows, portions are dresped over subjacent turrain from which
they failed to completely drein. Such relationships suggest emplecement as
fluidized flows and are common in impact melt deposiis around other Lunar
craters (e.g., King crater; Howard and Whilshired, Hawke and Headb). The
lobate form of the deposits also suggests fluid emplacement.

The Chenier flows clearly overlie Tsiolkovsky ejecta deposits and thus
were emplaced after the termination 2f radiel flow of crater ejecta. The
flows appear to have originated high on that portion of the Chenier crater
wall adjacent to Teiolkoveky. The apparent source can be iden.vitied in the
vicinity of & major lendslide scar visible on Apollo photographs as well as
the topograhic map of the area. Abundent lineations clearly demonstrate
that the flow metarial moved down the Chenier wall to the crater flcor.
The presence of a scar in the source area is a further indication that flow
formation was initiated after the deposition of Tsiolkoveky ejects and
hence the fluidization of the flow material cannot be attributed merely to
forceful ejection. It is instructive to note that cthe spparent source area
for the flows was adjescent to a8 hummocky, but general.y flat, Tsiolkovsky
ejecte unit which is strikingly similar to deposits interpreted to be com—
posed of clast-bearing impact melts by Hawke ani Heed®. Similar material
was probably prescnt in thas source region of the flows prior to their
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development.

An extremely efficient emplacement mechanism is regquired to account
for the trensport of flow material far beyond the base of the originating
slope. The flow unit treveled a maximum horizontal distance of ~26 km,
exparienced a maximum vertical drop of 1.9 km, and has a low effective
coefficient of friction (0.073). Flow 2 would heave traveled an even
greater distance had it not encountered the elevated terrain on the
northeast side of the Chenier crater floor. This low coefficient of fric-
tion implies an extremely efficient mode of transport. Such mobility would
not be expected of a dry flow of clastic debris emplaeced after the termina-
tion of the cratering event when a radial velocity component due to force-
ful ejection wculd no longer be importsnt. Dry Llunar avaelenches clearly
due to local slope failure sre not very efficient. Howard’ noted that only
a rare few of the avalanche deposits recognized on crater walls extend
beyond the steep crater wall out onto the floor. Typical of these few is
the lendslide on the wall of Jansen B crater (Diemeter = 17 km). The coef-
ficient of friction of this lendslide is 0.435, much higher than the 0.073
calculated for the Chenier flows. Additional studies of certain {unar
clastic debris deposits that were previously thought to have been very
efficient (e.g., the Apollo 17 light mantle) have demonstrated that they
were partly propelled by impact processes (Howard7, LucchitteB). In light
of the above consideratinns, it appesrs that the Chenier flows are not dry
clastic debris deposits but were fluidized by some agent. In view of the
absence of e significant lunar etmosphere and the anhydrous nature aof the
Apollo semples, air and water can be ruled out es fluidizing agents. The
one Liquid component known to be capable of producing such fluidized depo-
sits is impact melt, which, as discussed above, was probably present in the
source region of the Chenier flows.

distribution Tsiolkoysky impac t deposits: Abun-—
dant melt deposits can be recognized in and around Tsiolkovsky and exhibit
a number of distinctive morphologies including flow lobes and channels,
hard rock venser, and complexly fractured ponds. Although much of the
crater floor is cuvered by mare baselt, unflooded portions of the [loor
exhibit both ponded material end hummocky areas which are draped with 8
thin hard rock veneer. Numerous melt ponds can be ssen an the crater walls
and are particulerly abunda.it on the easstern walls.

wWhile veneer, flows, and ponds occur on tha crater rim, ponds are the
dominant morphology and contain the bulk of the recognizable melt volume.
Flows of impact melt are not common around Tsiolkoveky but are well-
developed on the north well of Waterman crater! 4, Numerous inter-pond
areas on the southeastern portion of the crater rim sexhibit a subdued
appearance associated with melt-draped regions and this veneer material
exhibite gradational contacts with pond material. Veneers are particlarly
well dJeveloped in the region of Waterman crater, Exterior ponds are
located around over 180° of the crater perimeter but are most extensive in
the scuthesstern quadrant of the rim. Here, the melt ponds occur at & max—
imum distance of 30 to 55 km from the rim crest.
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As
discussed above, the hummocky, flat unit in the vicinity of the source of
the Chenier flows is probably composed of clest—bearing impact melt. This
unit is well within the zone of melt deposits seen on other portions of the
Tsiolkovsky rim?+5,6  1In addition, the unit is not in the epprosch direc-
tion for the oblique impact end occurs adjacent to a Tsiolkoveky rim crest
Low, both factors which have been shown to be important in controlling melt
distributionS,6, Clearly defined melt ponds have been identified in the
vicinity of the hummocky unit and flow source. Impact melt ponds and flow
features have been identified betwsen the hummocky region and the Tsiolkov-
sky rim crest, on that part of the Tsiolkoveky well adjacent to the hum—
mocky unit, and on the south rim of Chenier crater. Impeact melt deposits
are quite abundant further to the south.

Conclusijons and Implications: An enalysis of the Chenier flow units

has shown that they are not lLikely to be clastic debris flows or volcanic
deposits. Based on fiow unit morphology and morphometry, stratigraphy, and
relationship to Teiolkovsky melt deposits, es well as comparison with other
lunar impact melt deposits and landslide deposits, it is conciuded that the
Chenier flow units are composed of clast-bearing impact melt and were
emplaced a8 melt-fluidized flows after the termination of the Tsiolkovsky
impact event,

The criteria developed in this study caen be used elsewhere on the Moon
to distinguish flows of impact melt from clastic debris deposits. If it
can be demonstrated that & given flow was initiated and emplaced after ter—
mination of crater ejectas radial flow and if the deposit exhibits a low
effective coefficient of friction, an impact melt origin is indicated.

References: 1) El-Baz, F. and Worden, A.M. (1972] Apollo 15 PSR,
25,1-25.27. 2) West, M.N. (1972) Apollo 15 PSR, 25.81-15.83. 3) Villella,
C.J. (1977) The Moon, 17, 343. 4) Whitford-Stark, J. end Hewke, B. [1878)
NASA TM-80339, 163. 5) Howard, K. and Wilshire, H, (1975) J. Res. US Geol.

Survey, 3, 237. &) Hawke, B. end Heed, J. (1977) Impact gnd Explosion
Cratering, 815. 7) Howard, K., (1973) Science, 180, 1052. 8) Lucchitta,
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GEOMORPHIC CLASSIFICATION OF ICELANDIC VOLCANOES

Richard S. Williams, Jr., U.S. Geological Swrvey, Reston, Virginia 22092; Sigurdur
Thorarinsson, University of Iceland, 101 Reykjavik, Iceland; and Elliot C Morris,
U.S. Geological Survey, Fiagstaff, Arizona 86001

In 1959 and 1960, Thorarinsson published his first classification of the 13 principal
types of Icelandic volcanoes and, in 1968, published a revision of his earlier one.
Both landform dassifications were based on the relationship of the type of eruptive
products (lava, lava and tephra, or tephra), number of eruptions (one or more than
one), and the form of the eruptive vent (circular or linear).

In 1980, Thorarinsson, working with Kristjan Saemundsson, made a modification to
his previous classification schemes. The number of volcanic landforms was reduced
to 11 and limited to subaerial basalt volcanoes. The number of eruptions necessary
to produce a given landform was eliminated. The stratovolcano (SnaefellsjSkull)
and the stratified ridge (Hekla) landforms were also eliminated, because they are
central (composite) volcanoes.

On the basis of this previous work, many years of direct field obser vation and study
(ground and air), and review of the relevant literature on geomorphology of
Icelandic volcanoes, a new geomorphic classification of Icelandic volcanoes has
been developed (figures 1-4). The new geomorphic classification, which includes
all types of Icelandic volcanoes, distinguishes 29 discrete landforms (Williams and
others, 1982). It relates the nature of volcanic activity (effusive, mixed, or
explosive); environment during formation (subaerial, subglacial, or submarine); and
form of feeder conduit (short fissure/tubular conduit or long fissure) for the three
primary compositional classes of Icelandic volcanoes: basalt (figure 1) (effusiva:
lava ring, lava shield, lava shield row, table mountain, subglamal ridge, seamount,
submarine ridge; mxxed spatter cone, spatter cone row, scoria cone, scoria cone
row, mixed cone row; explosive: tephra ring, tephra ring row, maar, maar row);
rhyolite (figure 2) (effu..ve: flow dome); and central (figure 3) (mixed composition
of basic, intermediate, and acidic lavas and tephra: composite cone, composite
ridge, composite volcano massif). A pseudovolcano landform {(explosive: pseudo-
craters, figure 4) is also included in the classification. The new geomorphic
classification will form the basis for a National Aeronautics and Space Administra-
tion book, "[llustrated Geomorphic Classification of Icelandic Volcanoes" (Williams
and others, 1981).
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NATURE OF ENVIRONMENT FORM OF FEEDER CONDUIT
VOLCANIC DURING
SHORT FISSURE OR
ACTIVITY FORMATION TUBULAR CONDUIT LONG FISSURE
LAVA RING
Subaerial Type: Eldborg -
(Hnappadalssysla)
EFFUSIVE LAVA SHIELD LAVA SHIELD ROW
ACTIVITY Type: Skjaldbreidur Type: Thjdlahraun
Subglacial/ TABLE MOUNTAIN (STAPI) SUBGLACIAL RIDGE
Subaerial Type: Herdubreid Type: Kalfstindar
Landforms Submarine/ TABLE MOUNTAIN (STAPI)
resulting Subaerial Type: Surtsey -
from -
flowing Submarine SEAMOUNT SUBMARINE RIDGE
material Type: Jdlnir Type: Eldeyjarbodi
SPATTER CONE SPATTER CONE ROW
MIXED Type: Bdrfell Type: Threngslaborgir
ACTIVITY Subaerial (Haf narfj8rdur)
SCORIA CONE SCORIA CONE ROW
Type: BGdakiettur Type: Vikraborgir
Landforms
resul ting from MIXED CONE ROW
flowing and/or -- Type: Lakagigar
airborne —
material * *
Subglacial Type: Keilir Type: Fdgrufjtll
R POREATO- TEPHRA KING TEPHRA RING ROW
MAGMATIC) Subaerial Type: Hverfjall Type: Vatna8idur
ACTIVITY o
Landforms MAAR MAAR ROW
resul ting Type: Graenavatn Type: Valagja
from airborne
[material _ _ _
* *
Subglacial Type: Sdlufell Type: Katlatjarnir

*No landform name available in English.

Figure 1 - Icelandic types of basalt volcanoes (modified from Thorarinsson, 1959, 1960,
and 1968; and from Thorarinsson and Saemundsson, 1980).
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NATURE OF ENVIRONMENT FORM OF FEEDER CONDUIT
VOLCANIC DURING -
SHORT FISSURE OR
ACTIVITY FORMATION | TUBULAR CONDUIT | LONG FISSURE
FLOW DOME FLOW DOME
Subaerial Type: Laugahraun |Type: Hrafntinnuhraun
EFFUSIVE
ACTIVITY * S
Subglacial Type: Sydri-H&ganga | Type: Hildarfjall

*No landform name available in English.

Figure 2 - Icelandic types of rhyolite volcanoes.

NATURE OF ENVIRONMENT
VOLCANI( DURING MULTIPLE FEEDER CONDUITS
ACTIVITY FORMATION AND FISSURES
COMPOSITE CONE
Stratified cone (stratovolcano) with
MIXED summit crater
ACTIVITY Subaerial/ Type: SnaefellsjBkull
Subglacial
Lanauf orms COMPOSITE RIDGE
resulting Elongated stratified cone with crestal
from flowing fissure and/or crater(s)
and airborne Type: Hekla
material
COMPOSITE VOLCANO MASSIF
Contains a single (or multiple) calderaf(s)
Type: Dyngjufjsil

Figure 3 - Icelandic types of central volcanoes (composition includes basic, intermediate,

and acidic rock types).

NATURE OF

FORM OF FEEDER CONDUIT

ENVIRONMENT
VOLCANIC DURING TUBULAR CONDUIT
ACTIVITY FORMATION (Within a Lava Flow)
EXPLOSIVE Subaerial* PSEUDOCRATERS
ACTIVITY Type: Skdtustadagigar

*The prerequisite for the formation of pseudocraters is that the lava flows over
terrain rich in ground water, such as marshes (Raudholar near Reykjavik), water-
logged Sandur plains (Landbrotsgigar), or over areas where c efts or cavities are
more or iess filled with water (Skitustadagigar).

Figure & - Volcano-like landforms in Iceland.
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IMPLICATIONS OF LARGE-SCALE, EXPLOSIVE MELT-WATER INTER-
ACTIONS: PARTICLE CHARACTERISTICS AND DISPERSAL FATTERNS

Michael F. Sheridan' and Kenneth H. Wohletz?

1) Department of Geology, Arizona State University, Tempe,
AZ 85287. 2) Earth and Space Science Division, Los Alamos
National Laboratory, Los Alamos, NM 375u5.

Fuel-coolant interaction (FCI) results from the mechanical
mixing of hot (fuel) and cool (coolant) fluids, the temperature
of the fuel being above the vaporizaton temperature of the
coolant. Explosive melt-water interaction is a type of fuel-
coolant interaction (FCI) that is common in a large fraction
of explosive terrestrial volcanis eruptions. Although steam-
blast explosions have been recognized for a long time (1),
their importance had been underestimated. FCI is the mechanism
for surge explosions where magma extrudes beneath a shallow
body of water (2,3). However, subsurface water can also
promote FCI in chambers as deep as 3 to 5 km (4). A large
fraction of terrestrial volcanic events have features that
are at least in part controlled by FCI mechanisms.

FCI could occur on the surface of other planets and may
be a major process on some. The requirements are that a
substance with a low vaporization temperature (coolant) be
brought into contact with a high temperature fluid (fuel).
Volcanism provides one vehicle for this mechanism, as demon-
strated by abundant terrestrial examples. However, other
mechanisms, such as those associated with giant impacts, should
not be dismissed without a consideration of the processes and
time-scales of FCI in relation to current models of cratering
events.

What are the sources of information on FCI? Melt-water
experiments have been undertaken at Sandia National Labor-
atories in relation to nuclear plant safety (5,6,7). Larger-
scale experiments were done at Los Alaros National Laboratory
to model volcanic phenomena (8,9,10). At an even greater
scale, a body of data has accumulated in the past 15 years
on volcanic base-surge phenomena and depoaits. Several new
hydromagmatic eruptions occur each year, for example the May
1980 eruption of Mount St. Helens (11), providing abundant
new information on this phenomena. Unfortunately, the
systematic incorporation of such data into a model of hydro-
volcanism is still in its initial stages (12).

What can be said about FCI involving water and a magma-
like coolant? Efficiency of conversion of thermal to
mechanical energy (9) is dependant on scale, geometry, and
composition (melt to water ratio). The maximum experimental
efficiency exceeds 30% but natural explosions may approach
50%. Under optimum experimental conditions the melt is
fragmented into very small particles (10 to 50 um) that have
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a distinctive appearance (7,10). Particles produced by hydro-
volcanic explosions have shapes and sizes that are similar
to the experimental products (13). If the waier content
exceeds an optimum value, the exploded sys“em could be "wei"
including steam, water, and solid particles (12). The glassy
clasts produced would rapidly hydrate and their resulting
deposits would 1lithify due tc secondary mineral growth.
Dispersal of FCI products, whether of volcanic or
otherorigin, should have a distinctive patterns. Computer-
assisted maps of surge deposits can be satisfactorily modeled
by an energy-cone algorithm (14,15). Terrestrrial volecanic
constructs (16) may be sheet-like (tuff .‘ngs) to cone-forming
(tuff cones). The range of surface textures on FCI products
of other planets could ve expected to mimic terrestrial pyro-
clastic flows, pyroclastic surges, and lahars.
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EXPERIMENTAL MELT-WATER INTERACTIONS

Wohletz, Kenneth H., Earth and space Science Division, Los Alamos
National Laboratory, Los Alamos, NM 87545 t

Experiments in which molten thermite explosively vaporized water
have been pertormed to obtain information on the effects cf impact
cratering in a wet target. Results of initial experiments (1) in which
large masses of meit (100 kg) explosively mixed with water were com-
pared with those of other studies of melt-water interactions (2,3).

This analysis showed that the conversion efficiency of thermal to mechan-
ical energy is strongly dependent on the water-to-melt mass ratio for i
constant confinement pressures and contact geometries. The fine-grained

nature (1-10C pm) of ejecta and their ballistic and surge emplacement

in vapor-rich flows have been assessed for importance in formation of

Martian rampart crater ejecta (4). Present work has been aimed at

obtaining more quantitative data relating efficiency to water-to-melt

mass ratio. This work also includes shape and size analysis of ejected

debris.

1. Series II Experiments

Series Il experiments employ a new design (5) in which less than
10 kg lToads of melt are used. Explosive energy is scaled by the vertical
1ift of the confinement vessel nroduced by a downward directed vent.
Records inciude those of high-speed cinematography and internal-pressure
transducers (set 80-81,. These records were used to evaluate the tra-
jectory of the “es<el and the efficiency of thermal-energy conversion.
Set 82 experiments also include oscilloscope records of the vessel's
vertical displacement measured by voltage-distance recorders. Figure 1
shows results of the vessel's total 1ift versus water-to-melt mass ratio.
Lift is directly proportional to efficiency and the range of ratios
studied complements those reported earlier (1). A marked increase in
efficiency is ipparant for those experiments using a high initial con-
finement pressure. The experimental design is currently being modified
to use a rigid, large-gauge spring system to measure impulse pressure.

2. Experimental Ejecta Characteristics

Ejected debris recovered from the experiments has been subjected
to scanning electron microscopy (SEM) 2rd eueragy-dispersive spectral
analysis (EDS). Size analysis of the debris is only semiquantitative
because representative samples of the entire size population have not
been successfuily recovered.

Smaller-scale experiments conducted at Sandia Laboratories (3) have
yielded representative size analyses for less efficient explosions.
These data are plotted against calculated efficiencies in Figure 2 and
show a range in median diamcters from 4000 pm (-2¢) to 250 um (24).
Characteristic sizes observed by SEM in our samples are in the range of
10 to 50 pm for higher efficiency explosive fragmentations.

Representative EDS analyses of ejected debris ave shown in Table 1,
Quartz sand added to the thermite produces silicate melts and variable
chemical compositions that are dependent upon the ejected particle
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shape. SEM analysis shows that ejected particles have dominantly
moss-like, convoluted shapes and spherical or drop-like shapes (Fig. 3).
Subordinant particle shapes are blocky and equant as well as plate-like.
These shapes show strong similarities to the shapes of volcanic ash
particles produced by explosive magma-water interactions.

The size and shape characteristics of experimental ejecta give ad-
ditional information that can be used in assessment of the fragmentation
mechanism of melt-water interactions. The efficiency of this process
is due in part to the fine fragmentation resulting from superheat
vaporization, fluid instabilities, and shock-wave propagation (6,7,8,9).
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TABLE |

Representative chemical analyses® of thermite melt debris

+

Oxide 1 2 3 4 5

510, 10.07 10.73 14.34 36.55 18.25
Tio, . - 2.25 1.44 1.90
A10, 31.24 25.09 11.36 34.41 42.46
Fe0 57.94 64.18 57.01 17.32 23.28
M0 . - 6.44 3.70 5.84
wnQ - - 1.58 0.96 1.33
Ca0 0.45 - 2.05 1.68 1.%0
Na,0 . - 3.07 1.98 3.19
k,0 0.31 - 1.91 1.99 1.85

¢ Standardless energy dispersive spectral analyses (EDS)
¢ 1 ~ Iron-aluminum sphere, Yarge

2 - Iron-aluminum sphere, smqll

3 - Blocky iron particle

4 - Coating on iron particle

5

- Iron-aluminum spindle
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plex surface texture. Many particles are similar in s 2e and shape

| to a particle of cosmic dust shown in reference (10).

162




Chapter 6

AEOLIAN PROCESSES AND LANDFORMS



SIMULATING AEOLIAN PROCESSES ON VENUS WITH A HIGH-PRESSURE N, ATMOSPHERE

John Marshall,Rodman Leach, Cheryl Treat, Dept. of Physics, Univ. of Santa
Clara, at NASA Ames Research Center, Moffett Field, CA 94035

Ronald Greeley, Department of Geology, Arizona State University, Tempe, AZ
85287

The venusian atmosphere has a surface pressure of ~90 bars and a temp-
erature of 730 K. Although windspeeds near the surface of Venus are pro-
bably extremely low -~ a4 few meters per second, aeolian entrainment of
particles has been predicted to occur under these conditions. This aeolian
action is being investigated with the Venus Wind Tunnel at NASA Ames Research
Center, California. Simulation of the Venus atmosphere is done on the basis
of comparable densities. Operation of the tunnel with CO, at 30 bars and
room temperature generates a gas density equivalent to that on Venus.

To date, the tunnel has been operated with CO, as the particle-entraining
fluid because this is the major constituent of the Venus atmosphere. The
CO0, is stored as a liquid at low temperatures and is released into the
tunnel as a gas at room temperature after being heated in an intermediate
reservoir stage. This process requires several hours and demands the nearly
constant attention of the operator. The concern of this report is the use
of nitrogen as a substitute for carbon dioxide. N, is supplied as a gas at
high pressures, but at room temperature, and simply requires tranfer from a
reservc.ir to the tunnel without an intermediate stage. As a result,
operating times are reduced to a few minutes, and is less costly chan CO,.
Aside from thie practical aspect, it is clearly important to know whether
planetary atmospheres, at least in terms of their aeolian action, can be
modelled with a gas other than that occurring on the planet in question.

In order for N, to act as a substitute for CO,, it must have the same
behavioral characteristics when its density is the same, since fluid density
is being used as the comparator for Venus. Its behavior was judged on the
basis of two criteria: threshold freestream velocity (U ) and threshold
friction speed (Ux¢); N has a lower molecular weight than CO, and thus
requires considerably higher operating pressures to achieve the same density.

Entrainment thresholds were determined with N, for a large range of gas
pressures (densities) and a large range of particle sizes and compared to
those obtained previously with CO,. At all densities, both freestream
velocities and friction speeds (Fig. 1) were found to be essentially the
same for both gases. Although there was some divergence in the viscosities
of the two gases at lcw pressures, this did not appear to have any notice-
able effect on threshold. The slightly lower Uxt values for CO, can be
accounted for by the use of a different definition of threshold. Reynolds
Numbers for the different pressures (densities) and differeat particle
sizes were also found to be virtually the same for the two gases.

Friction speed is a representation of the velocity profile and as such,
can be considered to detzrmine the behavior of the particles once they are
airborne. Alone, it is insufficient as a criterion because it can simply
define a dimensionless similarity between the velocity profiles of two
gases, If absolute velocities for any given height within the profiles
were . ‘fferent, this would be reflected in the ballistic behavior of the
partic 2s, e.g., saltation heights would differ for the two gases. But,
because Unt remained constant for both gases, the boundary layer attained
the same thickness and the windspeed at any height within the houndary layer
was the same. It is concluded, therefore, that nitrogen may be used as a
substitute for carbon dioxide to simulate aeolian action on Venus when the
density of both gases is the same.
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Figure 1. Wind threshold curves for three different atmospheric
d:nsities, comparing COp with Nj. The value of Uy, for €Oy being
systematically lower than that for N, could be due” to threshold
being determined by different observers.
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WINDBLOWN SAND ON VENUS: PRELIMINARY LABORATORY SIMULATIONS
R. Greeley and S, Williams, Department of Geology, Arizona State Universi-
ty, Tempe, Arizona 85287

Aeolian transport of fine-grained material on Venus by the wind is
suggested by Venera images of the venusian surface and by Venera and Pio-
neer Venus measurements of near-surface wind speeds. Aeolian transport of
weathering products from the highlands to the lowlands may play an impor-
tant role in the chemical buffering of the lower part of the venusian at-
mosphere (Nozette and Lewis, 1982). Theoretically, winds of the strength
measured at Venus are well within the range to move particles (Greeley et
al., 1976; lversen et al., 1976; Iversen and White, 1982). Tn oraer to
investigate the physics of windtlown particles on Venus, a wind tunnel
capable of operating at venusian atmospheric density was constructed. The
tunnel operates with CO; at room temperature and 35 bar pressure, which
yields the same gas density as the 735 K, 90 bar venusian atmosphere. A
series of preliminary tests were conducted to determine the minimum wind
friction speed, ux,, required for particle saltation for a range of parti-
cle diameters fror 23 to 833 un. The resulting wind threshold curve cor-
responds fairly well with the theoretical curve (Figure l). The equation
for tne theoretical curve is:

Uny = A(ngDp/Da)o's
A= 0.129[[1+o.ooe/ppgnp2-51°~51/[1.9zsa°-°92~11°-5 for D <100um
A = 0.12[[140.006/p,gD,2+10+5] [1-0.0858¢(~0.0617(B-10)]} for D >100um
B = u*t'Dp/v

where p, = particle density
P, ™ atmospheric density
g ™ acceleration due to gravity
D, = particle diameter

g = kinematic viscosity

Particles with a diameter of ~70 un are most easily moved by the wind
on Venus, with both smaller and larger particles requiring stronger winds
for saltation to occur, This is smaller than the ~l00 um particle size
most readily moved on the Earth and Mars. The wind friction speed re-
quired to move material on Venus is about an order of magnitude less than
that required on Earth, and about two orders of magnitude less than that
required on Mars. The differences are due to the different densities of
gas involved. However, in these preliminary experiments a possible source
of error in the determination of thireshold friction speeds is as follows:
The centerline wind speed, um, is the quantity measured ‘n the wind tunnel
tests. This is related to ux by the coefficient of friction, c¢, that
characterizes the surface involved, where: ux/um = [cg/2]%¢5, The quan-
tity, cg, is found from basic fluid mechanics. An error in cy would give
an error in ux, and it is particularly sensitive for small particles.
Work is underway to measure the ua/ue ratio from boundary layer profiles.
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The greater density of the venusian atmosphere allows a mode of aeo-
lian particle transport not encountered on Earth or Mars; observations of
coarse (~500 um) particles in the wind tunnel show that they began to roll
at wind shear speeds just slightly below those required for saltation,
Because the surface winds observed are in the range of threshold wind
speed, the rolling mode of transport may move significant quantities of
material (see Greeley and Wiliams, 1982; Williams and Greeley, this vol-
Ume)o
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FLUX OF WINDBLOWN PARTICLES ON VENUS: PRELIMINARY LABORATORY RESULTS
Steven H. Williams and Ronald Greeley (Dept. of Geology, Arizona State Univ.,
Tempe AZ 85287)

Aeolian activity may be important in the distribution of surficial mater-
lials on Venus. An aeolian saltation flux equation has been developed from
theoretical considerations and wind tunnel tests under terrestrial and martian
conditions by White (1979) as follows: Q = 2.6l pa/g(u*-u*t)(u*+u*t)2; where
Q = saltation flux, p, ™ atmospheric density, g = gravitational acceleration,
ux = wind friction speed and ux, = threshold wind friction speed. In order to
test the validity of this flux equation for the environment of Venus, a wind
tunnel capable of operating at venusian atmospheric density has been construc-
ted. Very good agreement is found between the wind tunnel data and the flux
equation for particle diameters of 75-90 um, the size most easily moved on
Venus (Figure 1). However, flux of particles with diameters in the range of
500-600 um is not in agreement as closely (Figure 2). The discrepancy may be
due to: 1) an inaccurate value of the surface coefficient of friction, cg,
which is used to correlate measured wind tunnel freestream wind speed, us, and
the wind friction speed used in the flux equation, with ux/ue = (Cf/z)llé, 2)
improper accounting for the effect of particle diameter in the flux equation,
or 3) unknown factors dealing with fluids of densities not previously studied.
Current investigations are in progress to derive experimentally determined c¢
as a function of particle diameter and to derive a more general flux equation
to include particle diameter and particle density.

The theoretical and wind tunnel saltation flux determinations have impli-
cations for the geologic evolution of the venusian surface. Even modest winds
occurring relatively infrequently can move large quantities of sand~sized pa:r-~
ticles long distances (Table 1). If winds measured at t'e surface cf Venus by
Venera correspond to wind tunnel free-stream wind speeds (a reasonable assump-
tion) then even a conservative estimate of the frequency with which that wind
occurs result in large quantities of sand movement. For example, for a wind
speed of 1 m/s occurring 5% of the time, 28 kg of sand will pass over a |l cm
width in one terrestrial year. If the average sand speed is 0.5 m/s, a con-
servative estimate, a typilcal particle would be capable of moving ~800 km in a
terrestrial year. Obviously, such travel over long distances over short times
requires unrealistically ideal conditions, such as a smooth surface with no
sand traps, however, it is clear that, over geologic time, very large quan-
tities of sand-sized material can be transported great distances. Thus, wide-
spread redistribution of chemically-weathered material could take place, which
nay explain why only fine and coarse particles are observed at the Venera
sites; the intermediate-size (100-500 um) particles might have been removed by
wind deflation. The low, rolling plains units observed by Pioneer Venus may
be depositional "sinks” for this aeolian material., The rate of aeolian trans-
port of fines by the venusian wind is apparently sufficient to allow the buf-
fering proposed by Nozette and Lewis (1982) of COp, Hy0, SOy and HF in the
lower atmosphere by reaction with chemically weathered materials from the up-
land areas.
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Wind Frequency, f, %

TABLE 1

Chenmical weathering of igneous rocks

on Mars, J. Geophys. Res.,

Saltation Flux, Q, in kg/cmeyr

Smooth surface Dp ~100 un

Freestream wind speed, um, m/s

0,75

7.9
16

1.0

28

55

83
110
140
170
190
220
250
280
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1.25

58
120
180
230
290
350
410
470
530
580

1.5

100
200
300
400
500
610
710
810
910
1010

v. 84,

[ U



RIGINAL PAGE 13
OF POOR QUALITY

s =

SBALTATION FLUX gm/cm sec

)

I i A A

3 4 s [} ?

P WIND FRICTION SPEED ecm/sec

Figure 1. Saltation flux as a function of wind friction speed. The line is
from the theoretical equation given in the text. Quartz particles
with 75-90 um diameters were used in the wind tunnel tests.
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Figure 2, Saltation flux as a function ~f wind friction speed. The line is
from the theoretical equation given in the text. (Quartz particles
with 500-600 ym diameters were used in the wind tunnel tests.
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PARTICLE MOTION OF VENUSIAN SALTATION

B.R. White, Department of Mechanical Engineering, University of California,
Davis, California 95616, R. Greeley, Department of Geology, Arizona State
University, Tempe, Arizona 85281

Numerical solutions of the equations of motion for parcticle trajectories
on the surface of Venus were calculated. The path lengths and maximum
vertical heights that saltating particles achieve were found to be insensitive
to variations of the surface pressure within 70 to 100 bars pressure and the
surface temperature from 600 to 900°K. Particles in saltation obtained
maximum height of only two or less centimeters and path lengths of less than a
meter, regardless of particle diameter. These lengths are much shorter than
those that occur on either Earth or Mars under similar conditions. Typically,
impacting particles collide at the surface with angles varying hetween 2 and
5° for values of wind speeds at a height of 1 m varying from 1 to 3 m/sec.
The ratic of final particle speed to the particle threshold friction speed was
found to be many times larger than that of Earth, up to values of 25. For
Earth this value is known to te approximately unity.

The spinning of particles in saltation at atmospheric pressure have been
shown to have a profound influence on the resulting trajectories (White and
Schulz, 1977). The investiqation of the present particle motion was
accomplished through the study and evaluation of high-speed motion pictures
taken in the Verusian wind tunnel. The filmed trajectories were then compared
with trajectories obtained by numerical integration of the equations of motion
including the spin effect.

The saltating material was 550 micron diameter quartz particles with a
density 2.5 g/cm3. The selection of quartz was made to serve two purposes.
First, The shape of quar.z was similar to that of natural windblown materials
(Greeley et al., 1977). Second, the non-circular geometry of individual
particles made measurements of rotation rates possible.

The equations of motion were solved numerically by a computer. The
solving scheme was an initial-value ordinary-ditrerential-equation solver
using a predictor-corrector computation algorithm. The initial values
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(position, velocities, and spin rete) wer: obtained from experimental
measurements taken in the wind tunnel at the beginning of each of the
particles' trajectory.

A comparison was made between the filmed path traced out by a particle
wi!th two theoretical solutions. The first sclution was with no spin, and the
second solution used the experimentally measured spin rate. Gnod agreement
was found between the filmed trajectory and the numerical solution with
particle spin. The measured and calculated particle -<peeds along the
‘rajectory were essentially the same for the solution with particle spin. The
ro «nin comparison had poor agreement.

Tn many other trajectories, the particle spin was not entirely in the
vertical longitudiral plane which resulted in a "negative 1ift" that pushed
the particle downward. In some trajectories the snin started out clockwise
("positive 1ift") and rapidly decelerated, resuliing in counterclockwise spin
("negative 1ift"). The same recult wa: fuund by Abbati and Francis (1977) for
particle motion 1in water. This phernomenon occurred in approximately
20 percent of all saltatinog particles observed.
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WIND ABRASION OF ROCKS: COMPUTER SIMULATION
Ronald Greeley (Department of Geology and Center for Meteorite Studies,
Ari:ona State University, Tempe AZ B85287)

Three principal factors are involved 1in calculating rates of wind
abrasion of ventifacts (Greeley et al., 1982): 1) wind frequency, 2) var-
ious particle characteristics such as speed and flux as functions ¢~ wind
sneed, and 3) the susceptibility to abrasion of various rocks. Data on
all three factors have been obtained for terrestrial and martian condi-
tions through experiments. In order to predict the erosion of various
rocks a computer program has been written which combines all three factors
and calculates the volume eroded as a function of windspeed, particle sup~
ply, rock type, atc. The program functions in an interactive mode as part
of the Arizona State University Image Processing Facility. "Two-
dimensional” rocks of any shape can be entered as a starting condition
along with wiud speed, and such factors as particle size and rock type.
Evolution of the shape of the rock can then be followed as a function of
time as it is abra’ed. Figure 1 shows an example of one run; note that
maximum abrasion ¢ curs about 10 c¢m above the ground, in agreement with
results from experiments by Sharp (1964, 1980), and as shown in Figure 2.
This height of maximum abrasion results from the optimal combination of
particle flux and velocity.

At rresent, only a limited data base is entered in the program re-
garding particle velocities, fluxes, and trajectories as functions of
freestream windspeed and atmospheric pressure. Work i progress involves
expansion of the base for a wide range of conditlons appcopriate for Earth
and Mars; future work will involve incorporation of vales for Venus.
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Figvre 1. Computer simulation of rock abrasion; T-0 is the rock shape at
beginning of rm; T-1 through T-3 shows shape through time to the end of
run at T-3; wind and particles are from the left to the right. Note that
maximum abrasion occurs at about 12 cm above the ground.

Figure 2. Ventifact in Icelaud; prevailing wind is from the left; hammer
indicates scale. Maximum abrasion occurs about 10 cm above the ground,
comparable to the experimental values found in the simulation shown in

Figure 1.

176

PR R ——




4

ORIGINAL PAGE 1S
OF POOR QUALITY

DUST STORM ACTIVITY ON MARS DURING THE VIKING MISSION. A. R. Peterfreund,
Dept. of Geology, Arizona State Univ,, Tempe, AZ 85287. (now at Dept. of Geol.
Sci., Brown Univ., Providence, Rl 02912).

Contemporary aeolian processes on Mars are best demonstrated by the
annual occurrence of local and major dust storms. The characteristics of
these storms, their location of origin, and the nature of the surface in the
area of origin, are important clues in understanding aeolian processes on
Mars. Observationc usade by the Viking orbiters' instruments, particularly the
camera systems (VIS) and the infrared thermal mappers (IRTM), over the four
years of mission ope ation, allow for a detailed documentation of local and
global activity.

Thirty-one local dust clouds have been identified from the IRTM daytime
data using a search routine that: 1) determined the thermal opacity of the
atmosphere at 9ym (1), defined as 19, for each IRTM sequence, and 2) using
the average 19 as a standard, identified anomalies within a given sequence
that were indicative of local concentrations ¢f dust (i.e., clouds). The
average 19, although uncertain in absolute magnitude by a factor of 2 due to
uncertainties in the scattering properties of the dust, are used to describe
the relative dust abundance of the martian atmosphere over the period of
Viking operation (Figure 1).

The two major dust storms of 1977 are apparent in Figure 1 as the large
spikes in opacity. The discrepencies between the opacities derived from the
two orbiters are the result of the different latitudinal coverage. The earlier
increase in opacity observed by V0-2, prior to the first 1977 storm, is attrib-
uted to the aeolian activity along the recedeing south polar cap which
increased the dust loading of the atmosphere in the southern hemisphere. V0-1
observations were concentrated in the northern hemisphere at this time and
subsequently did not record an increase in the dust loading. Prior to the
second storm in 1977, the dust loading was substantially more uniform between
the two hemispheres. The IRTM data covering the dust storm season in 1979
were less complete than that of 1977 due to: 1) limited observations by the
single operating orbiter (V0-1), and 2) the hiatus in operation (Ls-230°-350°)
due to the Voyager Jupiter encounter. However, an increase in opacity can be
seen starting at Ls-135°, approximately the same time as the increase was
observed in 1977. At 1s-208°, the time of the initiation of the first 1977
major dust storm, the 9 values do not exceed 0.2, suggesting that a similar
storm did not occur at this earlier time. VWhether or not a major storm did
occur in the period when IRTM data were not collected is uncertain. lLander
data obtained, however, have been interpretted to suggest that a storw did
occur at Ls 205° (2).

The catalog of IRTM-observed local dust c¢louds provides a statistically
significant data set of storms for which thermal prooerties can be described.
The nonuniformity of the thermal charactevistics of these storms is indicative
of the diverse nature of the aerosols that make up the clouds. The observed
rarge in albedo of the local dust clcuds, .15 to .40, is interpretted to sug-
gest that the characteristics of local sediments are reflected in the proper-
ties of the clouds.

By combining the IRTHM record of local dust sturm with the VIS data (3)
and the wealtr of historical Earth-based observations (4), a number of patterns
of dust storm activity are evident. Dust storms occur over a broad latitudinal
band centered on the sub-solar latitude, and, in time, are concentrated +90°
of perihelion (Ls-250°) (Figure 2). Correlations of dust cloud occurrence with
local topography imply that neither elevation nor slope direction is a major
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factor in defining where the dust clouds occur. However, slope magnitude is a
significant factor. The thermophysical characteristics of the regions where
dust storms occur are not unique. However, dust storms rarely originate in
regions of high albedo and low thermal inertia (i.e., regions interpretted to
be blanketed by substantial dust deposits). Rather, evidence suggests that
dust stcrms generally begin in relatively sandy regions. This hypothesis is
based on the observations that: 1) dunes are often present in regions of
recurrent dust storm activity, and 2) the majority of dust storms originate
in regions where thermophysical properties suggest the presence of sand-size
particles. These observations are consistent wi.h experimental studies of
threshold velocities (5) which suggest that it is much easier to initiate
particle motion in regions where sand is abundant as opposed to regicns where
it is not.

References: 1) Martin, T, Z. et al. (1979), J. Geophys. Res., 84, 2830-
2843.” 2) Ryan, J. A. and Sharman, R. D. (1981), J. Geophys. Res., 86, 3247-
3254. 3) Briggs, G. A. et al. (1979), J. Geophys. Res., 84, 2795-2820.

4) Wells, R. A. (1980) Geophysics of Mars, Amsterdam, Elsevier, 678 p.
5) Greeley, R. et al. (1980), Geophys. Res. Lett., 7, 121-124.
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Figure 1. Atmospheric thermal opacity, 19 derived from the IRTM data
for the duration of the Viking orbiters' missions. The opacities are derived
from observations obtained within time period of ten revolutions (approximately
equal to ten days). Plotted separately are 19 derived from VO-1 ar- V0-2
observations. Offsets between the two data sets are due to varictruns in the
coverage by the separate orbiters.
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Fiqure 2. Latitudinal distribution of local dust storms as a functien of
solar longitude (Ls). The local dust storms plotted are those identified
from Viking IRTM and VIS observations, and the historical record of Earth-
nased observations. The solid line is the sub-solar latitude and the shaded
areas represent the maximum extent of the polar caps.
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EROSION OF SURFACE MATERIALS AT THE MUTCH MEMORIAL STATION (LANDER 1), MARS
Moore, H. J., U.S. Geological Survey, Menlo Park, CA, 94025

Five conical piles of surface materials were constructed in the sample
field of Lander 1 to detect and measure erosion by martian winds and other
processes. After about two martian years on the surface, one of these piles
finally changed (conical pile 4 of Moore and others, 1979). Conical pile 4
was placed next to a ventifact on Sol 344 (Table 1). During construction,
spillage of fines from the surface sampler formed a dark appearing deposit
around and downwind of the pile, but the bulk of the material formed a cone
about 4-5 cm tall and 9-10 cm wide. By Sol 441, subsequent sedimentation of
fines from the atmosphere had almost completely obscured these dark spillage
deposits; however, the pile showed li:tle or no evidence of change or
reduction in relief up to Sol 921. Pictures taken more than one martian
year later on Sol 1765 showed that the relief of conical pile 4 had been
substantially reduced and that originally buried edges of the ventifact were
exposed.

Although pictures of conical pile 4 were taken 884 sols apart, the
changes probably occurred within an interval of 64 sols because the other
conical piles appeared to be unchanged on Sol 1601 (Table 1). Conical piles
3 and 5 appeared unscathed on 30l 1543 and conicel piles 2 and 5, which were
constructed on and near rock 3 (Moore and others, 1979), appeared to have
survived intact to Sol 160°. I expect that subsequent pictures, which
should be available in October 1982, will show that conical piles 2, 3, and
5 have also changed.

The interval during which the changes are inferred to have occurred was
near the winter solstice; it coincides with the stormy season on Mars, when
winds are strong in the north (Ryan and Henry, 1979). Conical pile 4 is
cogposed chiefly of very fine grained (0.14-2 gm) cohesive, drift material
which would require threshold friction speeds of 10 to 40 m/s for saltation
to occur (Iverson and others, 1976, equation 8). Threshold friction speeds
must have been smaller than 10 to 40 m/s because objects as large as 1 cm or
so should also have moved, but they did not. Minimum threshold friction
speeds would be near 2 m/s for cohesionless particles near 150 4m in size
(Iverson and others, 1976). Thus, erosion of conical pile 4 could have been
caused by impacts of other materials saltated or entrained by the winds or,
alternately, there may be small cohesionless "clodlets” in the pile that
were entrained by the wind.
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Table 1. Construction Sols, picture frame numbers, and Lander Science
coordinates for conical pile:s at the Mutch Memorial Staticn (Lander 1),

Mars.

Pile Constructed Coordinates (m) PrePile Early Frame Last Frame
No. on Sol Z Y X Frame with Pile Unchanged
1 296 2.26 2.69 0.89 11p034/281 11D092/296 12J008/921
2 324 3.95 -0.63 0.83 12D204/323 11D214/324 12J108/1601
3 324 3.78 -0.20 0.39 11C129/221 11D214/324  11J100/1543
4% 344 2.99 0.74 1.00 11B230/166 11E054/345 11J007/921
5 639 3.77 -0.36 0.99 11D214/324 111070/690 12J108/1601

* Frame that showed changes of

1

conical pile 4 was 11J130/1765.
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NEW METHOC FOR DETECTING CONTRAST CHANGES AT THE MUTCH MEMORIAL
STATION (VL1): RESULTS FOR THE FIRST THREE YEARS

E. A. Guinness and R. E. Arvidson, McDonn211 Center for the Space
Sciences, Washington University, St. Louis, Missouri, §3130

The Viking Lander 1 cameras are based on photodiodes equipped
with interferenc - filters (Patterson et al., 1977). Because of the
rather high optical depths observed on Mars, the diode output
voltage, v, produced by the spectral radiance from a given patch of
surface, at a given incidence, emission, and phase angle, must be
expressed as:

v= o [Borarsvod T endr 0)
e}

where ¢ is a calibration constant, S(A) is the solar spectral
irradiance, T [ A) is the atmospheric transmittance, SKY(A ) is the
skylight spectral irradiance, T(\ ) is the camera transfer function,
and ¢ (A) is the bidirectional spectral reflectance of the surface
patch. The relationship between voltage and the 6-bit DN (digital
number) returned to Earth can be expressed as:

DN=AXV+8B (2)

where A and b are constants. Changes in camera response, which were
monitored for the first 1000 sols {Wall, 1981) can be expressed in
the following form:

DN(T=30,5=0) = M x DN(T,S) + K (3)

where T is the sensor temperature, S is the sol, and M and K are
constants. T=30 is a sensor temperature equivalent to 30 DN and S=0
corresponds to the day of landing. For the red channel (0.60-0.75
micrometers) the values of M and K are such that during the first
three years of observations the change in DN due to drift in the
camera response is small enough to be well within the quantitization
step of the 6-bit encoding from voltage. Thus, drift in the camera
response can be ignored. The red channel was chosen because scene
contrast is higher than in the blue and green channels.

Given these relations, we derivead a new method to measure
changes in a given scene imaged at two different times at the same
lighting gecmetry. Consider a scatter diagram of the DN's for a
given scene acquired at two different times with a lighting geometry
that produces a minimum of shadows (Figure 1A). 1f there were no
surface changes and no change in the characteristics of the
illumination, the plot would consist of a straight 1ine with a slope
of unity. Changes in the illumination can be shown from equation 1
to only vesult in a change in slope. However, loca! changes in
scene contrast would tend to increase the spread of points in a
direction roughly perpendicu.ar to the main trend (Figure 1B). We
utilized principal components analysis to solve for the fractional
variance along the direction perpendicular to the main trend. We
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also generated images by projecting the data points along the vector
direction that is perpendicular to the main trend (Figure 2). This
technique eliminates changes due to varying illumination and
delineates local surface changes. As a calibration, the fractional
variance along the perpendicular vector direction for two scenes
acquired one sol apart during the beginning of the mission is 0.05%,
while the fractional variance for a scene with and without the
surface sampler arm and trenches is 7.73%. Figure 3 is a plot of
the fractional variance contained along the perpendicular direction
foi pairs of images acquired under similar 1ighting geometries (high
sun angle) for the three years of the Lander mission. The fact that
the variances are gre.ter than zero and do not form a trend
indicates that contrast changes occur on a regular basis, i.e., the
scene is dynamic. Since the contrast variations are due to wind
erosion and depostion, one can conclude that threshold drag
velocities have been reached at the site repeatedly over the three
year timescale of the Lander mission.

References
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Fiqure 2 - Images A and B were acquired on sols 1268 and 1934.
Image C delineates contrast changes between these two time periods,
using the method discussed in the text. Bright areas correspond to
regions where the albedo has increased and dark areas to regions
where the albedo has decreased.
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Figure 3 - Piot of variance carried along perpendiculars to main

trends of scatter diagrams for image pairs. Ends of bars indicate
the time range between each pair. Areas with sampler activity were
avo.ded, except to establish the variance with the arm and trenches
in one image and not in the other. The control corresponds to the
scatter diagram in Figure la.
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WIND TUNNEL MODELING OF BRIGHT AND DARK CRATER-ASSOCIATED STREAKS ;

James D. Iversen, Professor, Iowa State University
Ronald Greeley, Professor, Arizona State University
James B. Pollack, Research Scientist, NASA Ames Research Center

There have been many discussions of the crater-associated wind
streaks on Mars, and wany conjectural proposals concerning their
origin--i.e., are bright streaks depositional, are dark streaks
deflational, or is there currently too little information to tell?

We have performed a considerable number of wind tunnel experi-
ments at quite small scale which resulted primarily in deflational
streaks. We have also obtained depositional streaks, however, by
injecting material through the crater floor or by simply placing
erodible material only within the crater rim [Greeley et al. 1974a,
1974b; Iversen et al. 1973, 1975, 1976, 1978; Veverka et al. 1976].

Veverka et al. [1981] propose still a third scenario for the
occurrence of d=positional (bright) streaks. They have noted that
some craters trail both bright streaks and dark streaks in different
directions. They conclude that meteorological conditions rather
than crater geometry determine whether bright streaks or dark streaks
occur. They further contend that bright depositional streaks form
during the clearing phases of global dust storms. Because of the
dust in the atmosphere, the upper layer of the atmosphere warms, the
surface cools, und the atmospheric layer adjacent to the surface
becomes very stable. Because of this stability, craters with raised
rims block the wind so that it must flow around the lateral sides of
the crater rather than over. A quiet zone exists to the lee of the
crater (in contrast to the neutral atmospheric layer), and dust fall-
ing out of the atmosphere in the clearing stage of the storm deposits
preferentially in the lee.

Although simulation of stratified flow in the wind tunnel at
small scale is difficult, some recent experiments were performed in
the Iowa State University environmental wind tunnel to test the
bright-streak stable-layer hypothesis. Figure 1 illustrates the
normal neutral layer deflation streak. Figure 2 illustrates an
attempt to simulate stable stratifica“ion by placing a layer of dry
ice at the inlet of the test section. The cold CO, gas and cooled
air flows along the wind tunnel test section floor, and the much
warmer ambient air is drawn into the test sec“ion ahbove the colder
gas, resulting in stable stratification (the temperature difference
in the wind tunnel corresponds to potential temperature difference
in the atmosphere). The crater model in Figures 1 and 2 is the same.
The particles (glass spheres, diameter <125 pm) are also the same
except that in Figure 2 the spheres are damp and more cohesive, with
a correspondingly higher threshold speed. The flow pattern in the
two tests was obviously quite different. The deflation streak in
the crater wake in Figure 1 resulted in the dark streak; the greatest
deflation in Figure 2 took place on either side of the wake, l:aving
a bright streak.

Veverkz et al. ['2°1] present a parameter r (basically 2 fer.
of the Richardson numt :} which they indicate must be of the order

185



ORIGINAL PAGE 1S
OF POOR QUALITY

Figure 1. Reference (neutral boundary layer) model test. Model crater
rim is 30 cm in diameter and 4 cm above the floor. Particles
are glass beads (diamcter < 125 um),.

Figure 2. Model test with stably stratified boundary iayer. Model
and particles are the same as in Figure 1 except for greater
particle cohesion because of moisture.
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of one for sufficient stability to block the flow. If one assumes
that the temperature change from bottom to t » of the crater model
is 100° C in the wind tunnel test, then the value of r in the wind
tunnel is only 0.02. This seems to be large enoupgh, however, to
cause flow blockage to occur. Comparison of parametric values for
the wind tunnel model with thore for a full-scale crater on Mars
with equal and unequal values of Richardson number is shown in
Table 1. Although there may be other causes for the difference
between bright and dark streaks, such as different rirpie wave-
lengths inside and outside the streaks, the stable-stratification
hypethesis seems to be plausible.

Table 1. Comparison of model an. "ll scale parametric values in
stably-stratified “ir.

Crater
Wind Speed Ri::hardson Crater Rim
at C.-ater Rim Number 2 Diameter Height
Model Run (m/s) ) ,;L/So U (m) (m)
7-1-2 (Figure 1) 2.4 0 0.3 .04
7-2-1 (Figure 2) 4.8 0.02 0.3 0.04
Martian Crater 16.0 0.02 1000 120
Martian Crater 2.4 1 1000 130
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MARS: INFLUENCE OF OBSTACLE TYPE AND SIZE ON WIND STREA¥ PRODUCTION

S. W. Lee, P, Thomas, and .. Veverka, Laboratory for Planetary Studies,
Cornell University, Ithaca, New York 14853

We have analyzed the characteristics .f wind streaks associated
with craters and hills in the size range ¢/ ~ 100 m to 32 km using
Viking Oroiter images of Mars. The increased resolution of the Viking
coverage allows the results of previous Mariner 9-based studies
(Arvidson, 1974; Veverka et al., 1978, to be extended to signi“icantly
smaller obstacle sizes.

OQur data can be used to test various ideas on how the length of a
streak should depend on obstacle height. For example, Veverka et al,
1981) proposad that bright (depositional) streaks result from the
blocking of atmospheric flaw during times of high static stability and
dust loading, and sugyested that the maximum streak length should be a
constant multiple of obstacle height H.

The major fin :gs and implications of cur studv are:

1. Bctn cark and bright Type [ streaks (Thomas et al., 1981) fom over

the entire range of obse, s/ed obstacle sizes--from ~. 100 m to ~ 32 km.

2. Preferred obstacle sizes for producing bright streaks are <viden.:

a) 2-8 km craters are .i0st commonly associated with bright streaks; few
are found at larger sizes (Fig. 1).

b) Hills are as effective as comparahrly-sized craters in produci 4
bright streaks (hill-related dark streais are rare). This finding
supports the earlier conclusion of Chaikin et al. (1981), based on
data restricted to the Cerberus region,

c. Based on the rim height vs. crater diameter dc a of Pike (1977).
and height estimata; of hills from shadow measurements, obstacles in
the size rar- f 2-8 km correspond to heights of several tens to a
few hundred m. rs.

3. The situation for Type I dark streaks is much more area-dependent,

bu. if the data for different regions are averaged, a pre‘errad range of

crater diameters of 4-16 km is suggested.

4. Streak 'ength to obstacle ..ize ratios (L/D) are similar in mean

vaiue ana .n dependence on abstacie size for both bright and dark

streaks. A typical (L/D) vs. D curve for bright streaks is shown in

Fig. 2.

5. For bright streaks associated with craters the streak length to rim

height ratio (L/H) ¢ creases with increasing H, rather than remaining

constant as the simple biocking morel of Veverka et a'. (1981) sug-
gests. The relationship shown inr Fig. 3 is representative of that ob-
taining { r the other regions that we have studied, The implicacion is
that smaller cbstacles . Mars are relatively more efficient streak
producers than larger ores.

This research was supported by NASA Grant NSGC-7546,
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MARS EOLIAN SEDIMENTATION: HOW MUCH, HOW FAST?
P, Thomas, Laboratory for Planetary Studies, Cornell University

Morphologic, color, and photometric observations of different
eolian features on Mars have provided new constraints on the present
eolian sediment environments on Mars.

Dust deposition. Color data indicate that simple two-component
mixes of bright dust and "background" material describe several dust
deposition regions: crater streaks, intra-crater bright deposits,
trough and sheet streaks. Crater bright streaks in widely scattered
areas of Mars have maximum dust coverage of 10-20% (areia), regardless of
the type of substrate; intra-crater deposits have 30-50% coverage; and
sheet streaks have 20-30% cover of dust. The bright margins of some
dark streaks in Oxia Palus appear to be mixes of dust and the exterior
material, The amount of dust cover in all these features should be less
than 10-3 g/cm2, by comparing the experimental data of Wells
(1982). Some dust deposition features end abruptly near their apparent
sources. From this relation it is inferred that once entrained this
dust was rapidly redeposited and had settling rates of particles greater
than 10 um in diameter.

Dune and crater splotch activity. Color and morphologic data
indicate that dark streaks originating at splotches and dunes have
complex and variable mixtures of materials (Fig. 1). Although some of
these streaks appear to be simple mixtures of dune material and sur-
rounding plains material, most are complax assemblages of it least three
materials, Only a small amount of dune material is preseat in most
streaks. The bright margins are time variable and represent dust redis-
tributed by activity within the streak; they are not directly related to
the bright deposits in the source craters. The craters in Oxia Palus
encompass five separate sedimentary systems: (1) bright intra-
crater dust deposition, (2) activity of splotches and dunes, (3) erosion
of older crater fill, (4) activity in dark streaks, (5) dust deposition
and erosion at streak margins. Although the color data show little if
any dust can reside on the dunes, activity of these deposits need only
be on the order of 0.2 cm /cm/y in order to inject a loose surficial
layer of dust into suspens1on. Such low rates would imply rates of
motion of dunes of only an/103 yr. The presumed activity within the
dark streaks may imply slightly higher minimum rates, but under any
circumstance, they do not have to be high by terrestrial standards.

The shapes and sizes of dark "depositional" streaks in several
areas of Mars suggest that their forms are controlled by regional
meteorology or regional history, rather than strictly by dune size,
crater size or the dimensions of the dune field. The dunes, however,
occur preferentially in craters that show significant erosicn of flat-
lying intracrater deposits.

Dark dunes in most areas of Mars appear similar in color; splotches
that are well resolved into non-dure flat areas are brighter and
redder than those resolved into dunes. Within any one region, however,
dunes and splotches make coherent mixes of colors, with dunes being the
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dark, bluer end member (Fig. 1). A striking result of the global
mapping has been the association of dune fields with areas of both
reversing winds and thick, regional dust(?) deposits (Thomas, 1982): The
polar dunes are associated with reversing winds and polar layered
deposits, Oxia and Hellespontus dunes are associated with both
intracrater deposits and nearby regional dust(?) deposits (Arabia;
Hellas). The ephemeral nature of most present dust deposition, and the
rapid sorting of dust and sand, imply that conditions leading to
deposition of the large sediment deposits on Mars are incompletely
represented by some of the contemporary, smaller-scale phenomena.

This research is supported by NASA Grant NAGW-111.
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Thomas, P. (1982). Present Mars wind activity: relation to large
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Wells, E. N. (1982). Albedo changes caused by dust deposition; to be
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Fig. 1. Example of color groupings of streaks and splotches in Oxia
Palus region. Although the streak lies between the dunes
and plains, it is not a continuous mixing line, The hright
margins, however, do show a continuous mixing with tie
plains material., Patterns of colors in other Oxia Palus
streaks have alil or part of this pattern; some shcw direct
mixing of plains and splotches.
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Aspects of the aeolian dynamic in the northern circumpolar sand sea of
Mars.

M. MAINGUET and C. MOREAU, Laboratoire de Géographie Physique Zonale,
Université de Reims, France.

The satellite images of Orbiters 1 and 2 (Viking Mission) revealed the
existence of a circumpolar sand sea of 700 000 km2 (1) (2) (3) around

the northern pole of the planet Ma: s. The sand sheet of this continuous
sand sea becomes thinner between 30° and 70° W, A classification of dunes
and their dynamical meaning will be exposed.

I- The different types of dunes - More than 90 % of this sand sea is
composed of transverse edifices which are isolated or grouped in chains
of barchanic edifices. Their form is original on Mars, more ovoid shaped

than on the Earth,
HARS: TS 5!‘3132.?o TERRE . REF 56.5%
(BN 9} O) NE 33. XVI
h?434.435
a=-b 4,5 a = bx2
[+ %
D = b b = width of the body (up and downwind slopes)
“a a = distance between the two wings
For the martian barchan ta=b: 1'5
For the terrestrial barchan : a = b x 2

So D Earth < D Mars,

Average width b (Mars) = 250 m, for mega barchan B (Mars) = 4 000 m.
The distance from the polar ice-cap is never less than 100 km.

The isolated barchanic edifices, just like those of the Earth, are on the
edge of the sand sea. They are also organized in chain "rempart" or in
collective barchanic chains. The last transverse edifices are transverse
chains : less frequent and ever located in the Chasma,

The second category is the linear dunes (seif type). Their existence is
limited to the regions where the Chasmas arrive in the sand sea, probably
where the wind regim is of two main wind directions : one from the Chasma
and the general wind direction in the c¢ircumpolar sand sea.

Less frequent category of dunes is so called "erosional dunes" of sand-
ridge type. These dunes are limited to a very small region (155° W to

210° E' and superimposed on transverse chains. This type of dune exists on
Earth when the sand exportation is more important than importation (4).
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II- Dynamical interpretation - The majority of transverse edifices is a
good indication of the phase of increasing sand deposits. The very few
lonritudinal dunes are the only indicator of a starting negative sand
supply. The heavier form of the barchanic edifices can drive to the hypo-
thesis of less dune movement than on the Earth.

Three main directions of wind were detected : 1- the general circulation
in the sand sea in a counter-clock.wise direction, 2- from the North to
the South as in the Sahara (5) in the Chasma where the wind direction is
traced from the direction of the Chasma. Or, better, the carving of the
Chasma results dominantly from wind action, 3- a circulation on the sou-
thern sand sea border from South to Morth before joining the general
counterclock circulation,

We rropose the following hypothesis ; this sand sea is a young one with
more sand arriving than exported. The high amount of transverse edifices
and their size indicate a long phase of climatic stability with a positive
sand supply. But this sand sea is undergoing an evolution as indicated by
the appearance of sandridges.
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SOIL HUMIDIFICATION AS A TRIGGER OF DUST STORMS ON MARS
R.L. Huguenin and S.M. Clifford, Dept. Physics/Astronomy,
Hasbrouck Lab, UMassachusetts, Amherst, MA 01003

One of the most striking dynamical phenomena on Mars is the equa-
torial dust storm. They have occurred nearly everyMartian year since
observational records have been kept. The major storms have developed
preferentially near perihelion. They have also appeared at certain speci-
fic locales on the planet. Initial plumes appeared suddenly, often by
dawn, extending several hundred kilometers across in regions that were
clear the previous days. Frequently the major storms initiated with
brilliant white plumes that later turned yellow.

What triggers these equatorial storms? A prevailing idea is that
dust might be raised bysaltation impact of sand grains (v160um). Threshold
saltation velocities were estimated to be 50 * 25ms~! (1), which are some-
what higher than observed wind velocities. Hourly averaged wind speeds
at the Viking lander sites around the onsets of the 1977 storms, for

example, were 17.7 ms=1 (VL1) and 13.6 ms~1 (VL2), with gusts to 26 ms~! (2).

Similar wind velocities were deduced from Viking IRTM observations of
appareu: plume velocities at the storm sites (3). It has been proposed

that combinations of regional topography and insolation-induced modifications

of thermal gradient may produce high enough local turbulance to raise the
dust (e.g. 3,4). That high enough wind speeds could be generated has
been questioned, however (5). In addition, ihe saltation models do not
adequately explain the appearance of plumes by dawn on Day 1 of the storms.
They predict instead that the onset cf activity should occur closer to
midday during peak insolation and maximum prevailing winds. Furthermore,
there is inadequate agreement between the regions of predicted highest
curface velocities and the observed sites of dust plume generation (6).
Finally, the color change from an initial white plume to yellow is not
explained by the saltation models,

An alternative dust injection hypothesis was proposed by Johnson et al
(7). 1t was argued from laboratory data that solar heating rates of
~500 hr-=1 could produce a rapid desorption of gas within the upper few cm.
Subsurface pressures could build to the point that the surface could ex-
plosively rupture, injecting dust into the atmosphere. Gas jets could also
develop along microfissures in the dust layer, according to the model, that
could raise additional dust into the atmosphere. A modification of the
Johnscn et al model has been proposed by Huguenin et al (8,9), and Greeley
and Leach (5). It was argued by Huguenin et al that if the soils contained
cdsorbed H20 as well as CO2, v 4 times as much gas (12 mg cm~2 CO2 + 36mg
em~2 H20) might be desorbed during the diurnal heating cycle. As a result
the heating rate could be ~ 4 timee lower (v 130 hr-l) and release the same
amount of gas as in the Johnson et al experiments. The heating rates are
close to the observed average heating rates near perihelion at the Southern
hemisphere dust storm sites (v 150 hr~l):; consequently it was proposed
that dust stcrms may initiate at those sites due to enhanced levels of
adsorbed H20 in the soils there. Greeley and Leach presented bell jar and
wind tunnel experiments that supported this model, and they showed that the
presence of adsorbed H70 could act to reduce the threshold velocity for
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saltation,

The role that H0 plays in triggering the equatorial storms may be
even more direct. A phenomenon was observed during the Viking Gas Ex-
change experiments on Mars that suggests that H70 may produce a catastro-
phic desorption of gas from the soil under appropriate conditions. Such
conditions could develop around perihelion on Mars, and it is possible
that this phenomenon may trigger some of the storms. In particular, when
samples of Martian soil were humidified in the GEx test cells, there were
sudden and spontaneous releases of gas from the samples. Over 9600 nmol
of gas was releas>d per gram of sample, and most was generated within
the first few hours (10). Ail gases, with the exception of some of the
02, were derived from adsorbed atmospheric constituents (10). While most
attention has focused on the unusual production of 02 during the GEx
experiments, the explosive release ~f adsorbed gases by simple humidifica-
tion was spectacular,

It has been proposed that the mechanism for driving off the adsorbed
gas was base hydrolysis (l1), whereby adscrbed gases were replaced by the
H20. This 1is a common reaction, but not with the intensity that occurred
during the GEx experiment. The difference in intensity can be attributed
to the apparently highly dessicated state of the Martian soils, revealed
in part by near~IR telescope stectra (12). At the low Martian surface
temperatures, H20 is more stable as ice than as adsorbed H20 and minimal
Hy0 (less than 1 monolayer equivalent) would exist in the adsorbed
state (13). The ice is unstable in the regions where the equatorial storms
occur (14), and hence the soils are highly desiccated. When these soils
were exposed to H20 vapor at v 5°C during the GEx experiment, the H20
would be expected to spontaneously replace the adsorbed gases. With such
a small fractiou of the adsorbed species being. H20, the intensity of the
GEx desorptioa reaction can be explained. If the soils on Mars were
similarly humidified by some means, a simfilar desorption reaction could
conceivably occur.

We have recently reported evidence for H20 vapor source regions on
Mars (15), and it was noted that the outgassing activity peaked during
the perihelic dust storm periods. It was argued that seasonal melting
of ground ice within the upper meter of suil possibly occurs during this
period (15). If true, the melted ice would tend to migrate upward into
the dry overburden and dampen the soil. This would provide a similar
condition to that which drove off adsorbed gases during the GEx experiment.

If it is assumed that: 1) humidification during the melting event
can drive off adsorbed gases to the same extent (v 9600nmol g-1) as in the
GEx experiment; 2) soil porosities in the surface layer are v 0,5; 3) soil
temperatures are ~ 0 -59C; and 4) that the escape of gas i{s diffusion-
inhibited, as- discussed by Farmer (14), Bernoulli's equation indicates
that pore-space pressures of up to 0.4 atmosphere could develop. Escape
velocities of up to 450m/s could develop along microfissures in the soil,
These pressures and jetting velocities would be more than adequate to inject
dust into the atmosphere. Indeed a mini dust storm event inside the GEx
chamber may have produced the clogging of the drain line, as discussed by
Huguenin (16).

In addition to providing a mechanism for raising dust on Mars, the
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soil humidification/desorption model could explain some other dust storm
characteristics, Firstly, the high initial moisture contents of the
escaping vapor could explain the white coloration of the initial plumes.
Secondly, the onsets by dawn could be accounted for. In particular, the
events would be triggered by seasonal warming of the soil to the melting
point of ice. During the cold nighttime and early morning hours escaping
H20 vapor would be expected to freeze out near the surface. This could
form barriers along the microfissures and pores that would inhibit the rate
of outgassing, and it could conceivably permit pressures to build and
result in explosive outgassing/dust injection events. Thirdly, the

model could account for the repeated occurrences of the storm events at
certain specific locales. Indeed, the primary storm sites coincide with
the three sites where H20 outgassing repeatedly occurs (15).
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FLUVIAL PROCESSES AND LANDFORM DEVELOPMENT
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MARS VALLEY NETWORKS AS INDICATORS OF FORMER CLIMATIC
CONDITIONS.

Michael H. Carr, U.S. Genlogical Survey, Menlo Park, CA

The presence of fluvial features on the martian surface is
commonly cited as evidence for different climatic conditions in
Mars' past. This paper is a progress report on work to assess
more precisely what tha presence of channels implies about past
martian climates.

Mars has two main types of channels, outflow channels and
runoff channels (valley netwerks). Tre outflow chennels are
coamonly believed to have formed by { vods with high discharge
rates and short durations (e.g. Milton, 1973, Baker and Milton,
1974). Large floods would undergo insignificanc losses by
freezing, evaporation, and sublimation, even on the Moon
(Lingenfelter et al., 1968), and thus could probably carve the
large martian outflow channels under presen: climatic
conditions. The conditions under which the branching valleys
could form are, howvever, more problematic. The valleys appear
to result from slow, sustained erosion by gstreams »f modeet
discharge, much like terrestrial valleys (Pieri, 1976). Such
streams would freeze faster than the large floode, 1d the
question arises whether they could accomplish a significant
amount of erosion before freezing. The object of the work
reported here is tc determine the conditions under which small
streams could form and survive on the martian surface to cut the
observed channels. The problem falls naturally into two
parts. The first is to determine how long a stream of a given
discharge will flow before it freezes. The second part of the
problem is to determine how svuch a stream could originate,.
Significant progress has been made only on the first part of the
problen.

Freezing rates of martian streams were calculated for
various surface temperatures and pressures. The calculations
are similar to thosc of Wallace and Sagan (1979) but differ in
several important respects as claborated on below. A range of
ataospheric pressures was considered, and the surface
temperatures appropriate to each pressure were derived from the
atmospheric models of Pollack (1979), Toom et al. (1980) and
Hoffert et al., (1981). Following Wallace and Sagan (1979) and
Culbert (1980), it was assumed that on any body of water a thin
ice cover will form. Under given conditions of atmospheric
tesperature, pressure, and wind velocity, the energy budget at
th: ice-atmosphere interfaces csn he calculated. The upper
surface of the ice recieves direct solar radiation in the
visible, infrared radiation mostly from the atmosphere, and heat
conducted upward through the ice. The incoming energy is
balanced by heat reradiated at the zurface t:mperature of the
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ice and heat lost through sublimation. Heat may be also lost
or gained by conduction to the atmosphere and convection
depending on the relat’ve temperatures of the 1ce and air at the
surface.

The first step in the calculation is to deternine the
tenperature of the ice surface at which the enzrgy inflow and
outflow are equal. Once this surface temperature is knowan, then
heat lost by conduction from the ifce-wat.r interface can be
calculated, and because this heat loss i3 balanced by radiation
penetrating the ice and by the iatent heat of fucion released by
freezing, the rate of freeging can be calculated. The 1ice is
appropriately thickened for the time interval under
congideration and the calculations repeated. 1In this way the
growth of ice on a stream can be tracked over a wide range uf
climatic conditions.

The most complex part of the problem is calculation of the
surface temperature of the ice. The czlculations here differ
from those of Wallace and Sagan (1979) as follows: (1)
Radiation in the visible and infrared are treated separately;
(2) empirical extinction coefficients are used to calculate
abgorption of the visible radiation by the ice (Wallace and
Sagsn assumed that a fixed fraction was absorbed); and (3) a
conduction term is introduced to account for the heat losc or
gained b the ice through conduction to or from the
atmosphere. The method used here to calculate conduccion is
similar to that used by Gierasch and Tocen (1973). 1Ir the
initial calculations, the infrared flux was derived from the
differences between the surface temperatures predicted from the
various atmospheric models and those that would prevail with no
atmosphere. A more refined method of estimating the infrared
flux 18 reported on elsewhere in this volume (Clow, 1982).
Sublimation rates were calculated by a method identical to that
used by Wallace and Sagan. The estimates of the freezing rate
were tested against known freezing rates at two localities 1in
Alaska and predictions were within 30 percenr of the observed
rates.

The results indicate that freezing rates are relatively
insensitive to climatic conditions. For example, for the model
atmosphere of Hoffert et al. (1981), and a frictional wind
velocity of 100 cm/s, and an {ce albedo in the visible of 0.8, a
standing body of water 1 meter deep will take 18 days to freeze
on Mars at an atmospheric pressure of 10 mb. Under a pressure
of 300 mb it will take 42 days to freeze. Freezing of a stream
would be slower because of frictional heating. The freeziny
rates are slow compared with flow velocities ot streamds.

During 18 dayc a stream initially 1 meter deep could travel 500-
2,000 km for a plausible range of slopes (Komar, 1979). Thus it
appears that {f flow can be inftiallized then even the valley
networks could form under climatic conditions similar to those
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that currently prevail.

The main difficulty is initiating the flow. If the
channels are cut entirely by sapping (Pieri, 1980) then surface
flow 1is initiated simply by leakage from the groundwater systenm
and climatic constraints on formation of the valleys are
loose. On the other hand, if the streams form by surface
runoff, such as by melting of surface ice, then the climatic
constraints on their formation are likely to be severe. The
specific conditions under which streams could be initiated by
runoff are currently being investigated.
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VALLEY NETWORKS ON MARS: MAPPING AND MORPHOGENESIS OF POOR QUALITY

Victor B. Baker, Department of Geosciences, University of Arizona, Tucson,
Arizona 83721; G. Robert Brakenridge, Department of Earth Sciences,
Dartmouth College, Hanover, New Hampshire 03755; R. Craig Kochel,
Department of Environmental Sciences, Clark Hall, University of Virginia,
Charlottesville, Virginia 22903

Geomorphic mapping of valley networks in the heavily cratered terrains
of Mars (Figures 7 and 2) has revealed a complex history of valley morpho-
genesis. The valleys show prominent local structural control by
lineaments, anastomosing reaches, local zones of relatively high drainage
density, unusual widening and narrowing, and very indistinct sink relation-
ships.

Many areas show a very complex history that involved valley develop-
menrt over a long time span marked by continued impact cratering.
Depositional phases followed by exhumation phases may be required to
explain inverted topography in network systems such as Augqakuh Vallis
(Figure 2). The valleys also appear to have been extensively modified by
mass movement, thermokarstic, and eolian processes.

Valleys of the Aeolis region (Figure 1) are developed in the Cratered
Plateau Material mapped by Scott and others (1978). Flow is directed down
the regional topographic gradient, here estimated at 0.5 to 1 m/km (U.S.
Geological Survey, 1976).

Augqakuh Vallis (Figure 2) is developed in a layered plateau material
that thickly mantles an older densely cratered surface. Large craters have
been extensively reduced to subcircular depressions by burial. High-
resolution Viking pictures reveal an intricate landscape of mesas,
scalloped valley sides, pitting, and "inverted" topography.

Past statements concerning the paleoenvironmental significance of
valley networks on Mars have heretofore been generalized and »r restricted
to a few special cases (e.g. Baker, 1972; Mars Channel Worki. Group, in
press). However, the developing body of detailed morphogenetic mapping
studies of individual network systems is now providing new data with which
to assess this important, but difficult problem. Future work needs to con~
centrate on a synthesis of descriptions, genetic models, and large-scale
implications similar to that achieved for studies of the outflow channels.
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Figure 1. Large-ccile geomorphic map of a valley network on the Aeolis
Quadrangle at 14°S, 206°W. Valleys trend to the NE from the heavily
cratered uplands toward Elysium Planitia.
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Fi~ur 2. Geomorphic map of Auqakuh Vallis in the Syrtis Major region of
Mavs, 30°N, 300°W. The system represents northward flow (to the bottom of

he map).
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ANCIENT FLUVIAL DRAINAGE SYSTEMS: MARGARITIFER SINUS AREA, MARS
BOOTHROYD, Jon C., Dept. of Geology, Univ. of Rhode Island, Kingston,
RI 02881

Stereo pairs of Viking Orbiter images have been used to map fluvial drain-
age systems in the west central area of the Margaritifer Sinus Quadrangle
(MC-19) fFig. 1) and in the northernmost part of the Argyre Quadrangle
(MC-26). It is possible, with this technique, to determine drainage basin
boundaries, to delineate source areas for small outflow channels, and to
identify depositional basins. Preliminary studies indicate that some val-
ley networks were tributary to old outflow channel system, or flowed into
depositional basins formed in regional lows. Other networks show reactiva-
tion after mantling by crater ejecta or presumed eolian material; still
others have been beheaded by later development of chaotic terrain. These
observations suggest that while some of the valley networks are very old,
others were active during the time of formation of the large outflow chan-
nels and chaotic terrain.

The Ladon Valles drairage system occupies the largest segment of the area
mapped to date, with a source area to the northeast of the crater Holden,
an array of outflow channels (Ladon Valles proper), and a probable deposi-
tional basin northwest of Ladon Valles. The Ladon system may be part of
an older Uzboi-Holden-Ladon system as reported by Pieri (1980). The

Ladon drainage continues northward to the presumed depositional plain in-
side an older, highly degraded, multi-ringed basin, the boundaries of which
were mapped by Saunders ?1979) and discussed by Schultz and Glicken (1979).
Figure 2 illustrates the structural control imparted to the Ladon Valles
drainage course by another old-basin margin (Pieri and Parker, 1981), as
well as a valley network draining toward the depositional basin.

Many workers, including Pieri (1980) and Carr (1980), consider the valley
networks to be very old, whereas outflow channels may have spanned a
considerable period of martian history (Masursky et al., 1977). However,
the period of valley network formation is quite complex and is interwoven,
in part, with the development of chaotic terrain and nutflow channels.
Figure 3 shows several cld stem valleys adjacent to fresher appearing
valleys and a small, unnamed outfiow channel. Stereo mapping together
with earth-based radar profiles (Downs et al., 1978; Roth et al., 1980),
indicate that the paleoslope was away from Eos chasma to a depositional
area now exhibiting chaotic collapse. The drainage is, in effect be-
headed. In addition, the Osuga Valley outfiow channel (Fig. 3) cuts
through a substantial ridge which may have been actively growing during
formation of the channel system.
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e | Figure 1. Topographic map of part of the Margaritifer Sinus quadrangle (USGS,

; 1976) with superimposed drainage basins determined by mapping using Viking
Orbiter stereo pairs of images. Arrows indicate presumed direction of
fluvial trarsport.
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Figure 3. Area southeast of Eos Chasma centered on 135, 38W. Degraded
stem valleys are adjacent to fresher valleys and an unnamed outflow
channel (top right). Paleoslope is from left to right. Osuga Valles
(Tower left) flowed north east through a ridged area into the deposi-

tional basin (365584).
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CHANNEL DEPOSITS ON MARS
Moore, H. J., U.S. Geological Survey, Menlo Park, CA 94025

A search of Viking Orbiter photographs hac revealed that some martian
channels have associated deposits. The purpose of this abstract is to
make the existence and .ocations of these channel deposits known to other
workers (Teble 1) and to briefly describe them.

The Amazonis channel deposits apparently have not been recognized
previously. Fluids that carved the channels originated somewhere near the
Equator from a vast expanse northwest of Apollinares and then flowed
northeastward, where well-defined broad channels occur (fig. 1). These
well-defined broad channels with streamlined islands can be traced north-
eagtward from 180°W., 10°N., to 175°W., 12°-~19°N., where they become
partly filled. The channels disappear and the deposits become
progressively thicker and more extensive to the northeast, where they
terminate against mountains and as thick lobes and fronts. According to
crater counts, these deposits may be younger than Olympus Mons.

Table 1. Locations of channels and channel deposits, crater ages of
channels, and selected Viking Orbiter picture frames.

Channel Location of Location of Crater Age Selected Orbiter
Name Channel(s) Deposits N/km2 (D>1 km) Picture Fraumes
Amazonis 10°N, 180°W  20°N, 175°%  8(15)x10™> S83A77-80,96

20°N, 175°W  29°N, 179°W S45A41-46,22
Elysium 28°N, 230°W 33°N, 237°W 7(t3)x10.4 612A44-56,21~24
32°N, 236°w 37°N, 246°W 538A11,13; 239509
Hrad 34°N, 218°W 41°N, 230°W - 009B1-60
41°N, 230°w 44°N, 240°W -
Kasel 29°N, 71°W 29.5°N, 71°w - 555A10,12
Mangala to south of  6°S, 145°W <Tx10”% 460819-22
deposits -4 458810-14
4°s, 151°w >5x10 459515~18
454812~16
Harmakhis 39°s, 265°wW 39.5°S, 267°W - 408S874,76
43°s, 273°w 41.0°s, 268°w - 329s,3308,363s
406S,407s
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Elysium channel deposits could be extensive. Fluids that carved the
channels probably issued from huge, elongate chasms radial to Elysium Mons
such as the one near 223°W., 26°N. Nearby narrow deep channels coalesce
to form a wide channel that distributes near 232°W., 31°N. The southern
branch of these distributary channels becomes progressively filled by
deposits that appear to overflow the channel locally, but evidence for the
channel persists to 242°W., 37°N. The deposits terminate near 246°W.,
37°N., as abutments against higher terrane and as lobes and fronts. The
crater-retention age of these deposits is compatible with the age of the
channels, according tg3my interpre&ation of the counts of Carr and Clow
(1981), i.e. 140.8x10 ° craters/km“.

Dark deposits occur in and ad jacent to Hrad Vallis south of the
Viking Lander 2 site. 1In some places, the Hrad channels are filled with
dark-appearing material in varying amounts up to the point of overflowing;
in other places, overflow is indicated by dark levees, dark lobes that
extend away from Hrad, and dark marginal plains. Dark deposits that abut
against and are superposed as a lobe on the ejecta of crater Chincoteague
appear to be related to the Hrad channel. 1In still other places, the Hrad
channel appears to be free of deposits.

Demonstrable deposits created by overflows of Kasei Vallis are
scarce, 1f they exist at all. One possible exaiaple is shown in picture
frame 555A10, where thin lobes and sheets can be traced away from an
arcuate “bayou" of the northern edge of Kasei. These sheets and lobes may
represent an overflow of sediment laden-fluids. Farther upctream there
are additional lobes that may be lavas from the general directicn of
Ascraeus Mons. Similar flow deposits may be present near the mouth of
Joventa Chasma, near 58°, 63°, and 64°W., 5°N.

Channel deposits occur at the mouths of ‘the Mangs'a Valles along with
convincing examples of superposed lava flows. On the p.ains below the
Mangala scarp, these smooth—appearing deposits have irregular shallow
rimless depressions and steep, in some places leveed, margins where they
border the scarp and valley walls. Near 150°W., 5°S., the smooth deposits
can be traced upstream about 60 km; a second csegment of the channel floor
appears smooth ac far as 8°S. In some places, wide leveed channels can be
traced to the scarp, where they narrow, and onto a fanlike structure at
the base of the scarp, where they widen again.

Deposits occur near the edge of the head of Harmakhis Vallis, where a
partly leveed sheet, as much as 20 km wide, extends 50 km southward and
narrows to 10 km. Other flowlike deposits, with flow units 10 km wide,
converge from the east.

The origins of the deposits are puzzling. The intimate and grada-

tional relation between the Amazonis channel and deposits, in combination
with an absence of evidence for a volcanic source, suggest that the
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deposits may be sedimentary~-possibly mudflows or alluvial deposits

peculiar to Mars. The same possibilities should be considered for the

Elysium and Hrad channels, even though the source of the fluids and

deposits appears to be the Elysium volcanic center. The deposits on the

Mangala plains do not resemble the nearby lava flows from the Arsia

region; perhaps the rimless depressions may be kettles and represent the

sites of ice that has vaporized. The deposits of Harmakhis could be mud-

flow deposits (Nummedal and Prior, 1981) or even glaciers (Lucchitta and

others, 1981).

Whatever their possible origins, these deposits deserve further
careful study.
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Figure 1. Map of Amazonis channel and deposite
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MEANDER RELICS: EVIDENCE OF EXTENSIVE FLOODING ON MARS
David H. Scott - U.S. Geological Survey, Flagstaff, AZ 86001

Many morphologic features whose tormation is commonly associated
with running water also can be duplicated by other processes. On Mars
this ambiguity has caused some controversy over the formation of
channels (1). Although most planetary investigators now agree on the
fluvial origin of the larger channels, there is less evidence and
agreement on the extent of floodwaters into the plains beyond the
immediate vicinity of channel mouths. Previous studies (2) indicated
that alluvial channels within the Chryse basin extended farther into the
northern plains than had been mapped. This work was based primarily on
the recognition of scour and depositional features associated with the
rapid and turbulent flow of water; their identification did not extend
much beyond lat 30° N.

One characteristic that is probably unique to formation by running
water is the meander pattern developed along the courses of mature
streams and rivers. As rivers <wing trom side to side in flowing across
their flood plains, meanders gradually migrate downstream as bends in
their channels are eroded. Cutoffs are formed where erosion creates
shorter courses, and eventually a pattern of abandoned meanders is
marked by scars, scrolls, and oxbows on the flood plain.

Relict crescentic depressions that are nearly identical both in
shape and size to meander patterns of terrestrial streams occur in
Chryse Planitia (Fig. 1). These postulated meander scars are especially
well developed along the lower course of Ares Vallis, where they are
confined within the sculptured banks of the main channel. However, the
increasingly subdued shape downstream of the walls of the channel as the
meander remnants become more conspicuous suggests that slope gradients
had decreased sufficiently to allow a less turbulent type of discharge
as floodwaters spread out over the plains. In places, these presumed
meander loops appear to terminate near the valley walls, where they may
have been covered by slump material or debris flows. Elsewhere within
the Chryse-Acidalia Planitia region, meander remnants have been buried
more completely and do not show such well-developed forms. They
generally can be recognized, however, by a narrcw near-central ridge
within the channel troughs, olthough such ridges do not occur in similar
appearing crescentic troughs in the Cebrenia quadrangle (1at 45° N, long
185°). The origin of these medial ridges is uncertain: they may
represent coalesced point bars olong the inside bends of meander
channels or elongate sandbanks down the middle of the channels, where
there is less bottom turbulence. On terrestrial flood plains, scroll-
like patterns of ridges form where shifting of meander flow channels has
occurred.

It may also be that the chinnei ridges formed in a periglacial
environment. Subsurface pore water migrates and accumulates mostly toward
the lower-central part of an abandoned river channel, With decreasing
temperatures after a warm perio¢ that induced flooding, encroaching
permafrost would further concentrate the remaining pore water toward the
channel center (Fig. 2). Eventual freezing and expansion of the water would
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create an ice-cored ridge along the valley floor beneath a cover of
alluyium. Highly elongate pinges occur in valley-floor sediment on Prince
Patrick Island, Northwest Territories, Canada, where they may be related
to freeze-thaw processes associated with invasion and retreat of the sea
along low-1ying areas (3).

Whatever the origin ¢f the martian ridges, they appear to be
diagnostic of meander channels in this region and thus afford a means of
identifying fiuvial channels from troughs created by tectonic and other
processes. Their recognition as far as lat 45° N, in Acidalia Planitia
suggests that water flooding was pervasive in the northern plains.

References:

(1) Carr, M. H. and Clow, G. D. (1981) Icarus 48, 91-117.

(2) Tanaka, K. L. and Scott, D. H. (198 rcc. Third Colloquium on
Planetary Water, 76-79.

(3) Embleton, C. and King, C. H. M. (1975) Periglacial Geomorphoogy,
Halsted Press, 1-203.
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SPECTRAL ANALYSES OF MEANDERING CHANNELS ON EARTH AND MARS

Komar, Paul D., School of Oceanography, Oregon State University, .
Corvallis, Oregon 97331 ‘

It is well established that the meandering characteristics of a river
dcpend mainly on the discharge, several investigators having arrived at
empirical relationships for the meander "wavelength" as a function of the
discharge (Inglis, 1949; Leopold and Wolman, 1957; 1960; Dury, 1965;
Carlston, 1965). The data upon which these rclationships are based are
highly scattered. Part of the reason for this may be the subjectivity
of the measurement methods of the "wavelength" for a stretch of irregular
river. According to Speight (1965; 1967), the traditional methods of
measuring meander wavelengths are probably the most serious obstacle to
progress in quantifying the meander relationships. This was a major
factor in Speight's first turning to the spectral analysis approach in an
attempt to obtain more reliable and repeatable evaluations of meander
wavelengths.

Speight (1965) focused on the Angabunga River in New Guinea, a river
which originates in a mountainous region where it is confined between
rock walls but then passes through an alluvial plain where it has well
developed meanders. Analyses were carried out for both courses. Speight
(1967) continued the analysis of the Angabunga River, but also included
a number of rivers in the Melbourne area of southern Australia in order
to obtain data at different discharges.

In these studies a stretch of river is first digitized at equal incre-
ments of channel distance, the increment being on the order of twice the
channel width. Rather than performing the spectral analyses directly on
these measurements, due to the river doubling back it was instead necessary
to analyze the angles made between successive segments of the river length.
In spite of this the spectral analyses do yield evaluations in terms of
wavelengths that dominate the "“energy" or "intensity" of the meandering.

A1l of the spectra obtained by Speight are compiex with many peaks,
the dominant peaks representing wavelengths considerably longer than thoce
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selected visually according to traditional approaches. The peaks in the
spectra were found to be stable along the channel length, even up into
the mountainous reaches where the channel would not normally be charac-
terized as "meandering" although there was some tendency for organized
irregularities. Speight was able to relate the wavelengths of the various
peaks to the flow discharge, much as in the traditional analyses, but of
course obtaining different relationships for the several peaks. His C
peak, that with the third highest wavelength, corresponded most closely
to the former empirical relationships such as that of Leopold and Wolman
(1960). But in many cases this C peak appeared rather insignificant in
the spectra in comparison with other peaks with greater energy.

Subsequent investigations that have employed spectral analysis techni-
ques to study channel meandering are those of Toebes and Chang (1967),
Chang and Toebes (1970) and Ferguson (1975). The spectra obtained by
Chang and Toebes are similar to those of Speight (1965), but they were
able to discern an influence from the local geology and soils as well as
from the flow discharge and channel slope. Ferguson (1975) analvzed
nineteen rivers in Britain. First performirng spectral analyses cn the
angle changes as did Speight (1965), Ferguson did not obtain signiticant
polymodal spectra as did Speight, attributing this to the complete
dominance by high or infinite wavelengths caused by valiey bends (which
he did not filter out). Ferguson obtained improved spectra and better
wavelength estimates by analyzing directional changes of the meandering
channels, the differences between successive angles of channel directions
rather than the angles themselves. This improvement results mainly from
the new analysis approach eliminating the effects of large valley bends.
However, the wavelengths sbtained are still substantially larger than
those determined by the traditional methods. Ferguson did find that the
wavelength estimates correlated well with channel widths and river dis-
charges, but were apparently unaffected by other variables.

These few studies using spectral analysis techniques to investigate
channel meandering have left many issues unresolved. In some cases they
even conflict in their final conclusions. Yet clearly the approach has
promise, not only for the more rational selection of meander wavelengths
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but also as a tool for more fully investigating meander properties. It
was for this reason that the present investigation was begun. At present
I am still in the initial stages of the study, examining the usefulness
of filtering to remove the longer wavelengths and testing whether maximum
entropy power spectrum methods will provide better results than Fourier
analysis. My analyses to date have focused on the terrestrial rivers
utilized by Leopold and Wolman (1957, 1960) in their classic examination
of channel meandering. Their data form the basis of most of the standard
empirical relationships for channel meandering, yet it is somewhat
inconsistent with other data sets, so that it will be worthwhile to
reexamine those rivers utilizing refined techniques. Once this has been
accomplished and I feel more confident about our analysis procedures,

and hopefully have learned more about the spectral characteristics of
terrestrial rivers, I then plan to turn to the martian channels in an
attempt tc obtain quantitative comparisons with the terrestrial systems.
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FLUME EXPERIMENTS ON THE FORMATION OF STREAMLINED ISLANDS

Komar, Paul D., School of Oceanography, Oregon State University,
Corvallis, Oregon 97331

Streamlined islands in rivers and comparable landforms in the Channeled
Scabland of Weshingtor and in the outflow channels on Mars have shapec
tnat are closely similar to symue.rical airfoils with length to width
(L/W) ratios of 3 to 4 on average (Baker, 1979, Daker aid Kochel. '°29;
Komar, 1981). Direct comparisons with drag medsuvc *-nts on airfoils have
shown that these average L/W values correspond closely to the shape
having the minimum total dvag or resistance to the flowing fluid eroding
the landforms (Komar, 1981 in review).

A series of flume experiments have been completed with model islands
to examine how the prototypes achieved their streamlined shapes. The
models were composed of mixtures of wmedium-grained sand with just enough
clay to provide cohesive strength.  In most of the experiments the islands
initially were given a circular shape of about 15 cm diameter. A few
experiments involved highly elonnated islands with large initial length
to width ratios. The experiments were conducted in the 7.6 meter long,
50 c¢m wide flume at Oregon State University.

One main variation between different experimental runs involved the
flow depth in comparison with the island height. Evidence from the
Channeled Scabland islands and those in the Martian outflow channels
indicates that some islands were fully submerqged during formation while
others extended above the water surface. For this reason, the present
experiments included runs for both conditions. Otherwise the main
variable between runs was the flow discharge,

The figure illustrates the results obtained when the water depih was
the same or slightly Tess than the initial island height. The discharge
increases from left to right in the diagram, the vertica! giving a time
sequence of changes tor each experiment. The discharue increase also
represents a pregressive increase in the 1sland Reynolds number Re and
the flow froude number Fr, values being given in the figure. In this
series of experiments the development of the streamlined form is due more
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STREAMLINED ISLAND MODELS

Q = 816 cm3 / sec Q = 2,517 cm3/sec Q = 4,119 cm3 /sec
Re= 12 x 10% Re = 2.2 x10% Re = 4.4 x 10%

Fr= 033 Fr=0.34

to deposition in the island's wake than to island erosion. This is
especially the case at the lower discharges where the deposited sand
completely filled in the wake region. At the intermediate discharge a
strong V-wave in the island's lee diverted the sand movement, producing
a rather unusual depositional pattern (see figure). At the same time,
more intense oblique waves formed on the island's flanks and these
became significant in eroding the island, the positions where these
waves "attach" to the island being the focal points of maximum erosion.
At the highest discharge these oblique waves were able to erode the
island down to a streamlined shape, whereas the lee waves became less
effective in diverting the sand movement. In these experiments notches
tended to form at the "attachment" points of the oblique waves. I have
been unable to conclusively identify such notches on the streamlined
islands in the Channeled Scabland and in the Martian outflow channels.

The processes of streamlining are more effective and rapid if the
island is slightly submerged, the water depth being just sufficient to
“top" the island. Under such a circumstance the flow becomes
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supercritical over the island due to the Tow flow depths and high
velocities, producing a hydraulic jump along the island's lee. The
hydraulic jump combines with the still-present oblique waves on the
island's flanks to quickly erode away the sides and shape the lee into

a point. The modification of the island form is at first very rapid,

but as it approaches a streamlined shape the erosion rate declines so
that the streamlined island can persist for a considerabie time. At

this stage the model island looks much like a miniature island from the
Channeled Scabland, having length to width ratios in the range 2.4 to 3.0.
In some of the experiments the oblique waves tended to focus the flow
coming over the top of the island, producing a cross-over channel compar-
able to those described by Baker (1978) on the streamlined islands in the
Channeled Scabland and also observed on islands in active rivers.
Therefore, with the model islands only slightly submerged, in addition

to developing good streamlining, they also duplicate other features seen
on prototype streamlined islands.
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GROUNDWATER SAPPING STUDIES OF POOR Q

Alan D. Howard and Charles MclLane, Department of Environmental
Sclences, University of Virginia, Charlottesville, VA 22903

[P

The role of groundwater sapping in the development of valley
networks on Earth and Mars is being studied by a combination
of experimental, theoretical, and simulation approaches;

Flow tank experiments: Extensive experiments have been conducted

in a narrow groundwater flow tank of sapping processes in fine-grained
sediments. A theoretical model of conditions for initiation of '
sapping erosion has been developed (Howard and Mclane, 1961).

Three zones occur in the flow tank experiments: 1) an interior zone
with groundwater flow through the sediment with negligibvle erosion;

2) the sapping face, where a combination of gravitational forces and
flow forces due to emergent groundwater control the rate of sapping;

and 3) a zone of fluvial transport of sediment derived from the sapping
face and channel bed erosion (Figure 1). The last two zones intergrade.
Experiments to date indicate the following relationships among flow,
geonmetric, and sapping-rate parameters:

G, = sediment outflow (g/s)
q = discharge (g/s)
v = water viscosity (g/(s cm))
S = channel gradient (Fig. 1)
1 = groundwater gradient (Fig. 1)
f = form ratio (Fig. 1)
Rz = proportion of variance explained
032 056 -025 2
qec i £ v R°=0.5
1.09 2.19 2
q  * (1 - ic) S » where 1 = 0.08 R™=,70
'-79 '29 2
Se g qq R™=.70

These experiments confirm the linear relatlonship between
sapping rate and the excess hydraulic gradient (i-i ) reported
previously (Howard and Mclane, 1981)., Additional egperiments now
underway are investligating the effects of particle grain size and
sorting upon these relationships,

Numerical modelling of flow conditions: Two characteristics of

our experiments make numerical simulation of the flow conditions

near the sapping face essential, Firstly, the sapping rates are
determined by flow conditions at the sapping face, which can be
considerably different than the overall flow gradients, Secondly,
because of the interaction between channel and sapping processes,

the experiments are inherently transient. Finite-element groundwater
flow models are being used to calculate the detalled flow net and
are being compared with extensive piezometric measurements made
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during the experiments.,

Analogue experiments: A 'serles of experiments on valley development
will be conducted in a small chambar (about 1' x 4' x4') under a
wide-range of boundary conditions, witi 2 wide range of materials,

and with additional processes considered, cuch as freege-thaw, These
experiments will be a continuation of those already conducted by Cralg
Kochel (this volume) and will be made in collaboration with Mr. Kochel.
These experiments will investigate the effects of such factors as

wide variations in flow gradients, substrate jnhomogeneities (such as
layering and simulated craters), and freeze-.haw effects upon valley
network geometry developed by sapping.

Simulation modelling: Sapping processes are presumed to lead to
development of dendritic valley netwerks by a process of "groundwatsr
capture” in which an extending netvork gains a competitive advantage
by virtue of the high-gradient flow path to the head of the eroding
stream. The flow-tank experirmentis reported above demonstrate the
competitive advantage of sapping faces with short flow paths (high
hydraulic gradients). This process should be amenable to simulation
modelling, and such a inodel is presently being developed. The experiments
in non-cohesive sedjnents will serve as a test of the model, which can
then be extended to arbitrary flow geometries and for different assumed
processes of groundwater sapping to investigate thelr effects upon
valley development.

Referencess

Howard, A.D. and Mclane (1981), Groundwater sapping in sediments:
Theory and experiments: NASA Tech. Mem., 84211, p. 283-285.
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Figure 1. CGeometrical definitions for flow tank experiments.
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SURFACE CHANNEL NETWORKS DEVELOPED BY GROUNDWATER SAPPING IN A
LABORATORY MODEL: ANALOGY TO SAPPING CHANNELS ON MARS

R. Craig Kochel, Department of Environmental Sciences,
University of Virginia, Charlottesville, VA 22903, Victor R.
Baker, Department of Geosciences, University of Arizona,
Tucson, AZ 85721, David W. Simmons and Carl J. Lis, Department
of Geology, State University College, Fredonia, NY 14063

Crudely dendritic channel networks in many areas of Mars
have been interpreted as having been produced by groundwater
sapping procevses. Investigations of the morphology of
terrestrial channel networks created by groundwater sapping
processes is limited because of modification of these systems
by overland flow. Howard and McLane (198l1) discussed
groundwater flow theory applied to a two-dimensional model,
Our experiments with a three-dimensional sapping chamber were
designed to empirically investigate valley morphometry in
channel systems formed by groundwater sapping and compare
these to presumed sapping networks developed on Mars.

A mixture of 90% 2.25@0 fine sand and coal fly ash was
used as a sedimentary medium in a sapping box constructed from
marine plywood and sealed with roofing tar (Fig. 1). A
constant head was maintained throughout the experimental runs
by using a recervoir in the rear of the tank (Fig. 1). Before
each of 23 runs the box was drained, regraded, and a new slope
recorded. Time zero was taken as the time when sapping was
first observed at the surface somewhere along the slope. Once
channels were initiated headward and lateral extension
occurred by sapping at the base of channel walls and
subsequent collapse. The average duration of sapping runs was
about 100 minutes.

In most cases an initial escarpment of 2 to 5 cm was cut
near the slope base prior to the run. Once sapping was
initiated a period of rapid ascarpment retreat and channel
extension occurred for 15 to 60 minutes (F.g. 2). After the
adjustment period, sapping processes caused uscarpment retreat
by slumping but at a much reduced rate (Fig. 2). Major
sapping channels formed with regular inter-channel spacing.
Channels enlarged most rapidly in the reentrant areas of major
escarpment slumps where subsurface flows bacame concentrated.
Channel bifurcation occurred and tributaries appeared to
extend headwardly at similar rates (Fig. 2). Subsurface
piracy was common (Fig 2, Run 16) during later stages of
network development. The channels formed were steep-sided,
flat-floored, and terminated in blunt, amphitheater heads
similar to presumed sapping channels on Mars. Temporal and
spatial development of sapping channel networks was recorded
by tracing channel patterns at selected time intervals on a
transparent frame mounted above the sand surface (Fig. 2).

Morphometric parameters were calculated for 69 channel
networks formed in the sapping box and compared to 70 sapping
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Figure 2. Examples of surface channel patterns developed by
groundwater sapping in the sapping box. Numbers indicate time
in minutes from the onset of sapping at the surface.
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channel networks observed in Viking imagery of the Valles
Marineris and western Kasel Vallis regions of Mars (Table 1).

TABLE 1 MORPHOMETRIC PARAMETERS OF SAPPING VALLEYS
MEANS OF LINEAR MORPHOMETRIC PARAMETERS

n Channel Shreve Bifurca- Inter-
samples Length Magn. tion Ratio. channel Ratio
l:2 1:3 2:3
SAPPING BOX 69 1.13 1.36 1.20 4.45 2,28 60
MARS 70 1.35 1.69 1.18 4.89° 3.32 64
MEANS OF AREAL MORPHOMETRIC PARAMETERS
n First Order Shape Drainage Junction
samples Freguency k Density Angggs
SAPPING BOX 69 0.05/cm? 2.18 0.27cm/cm* 42,37
MARS 70 0.01/km? 2.12 0.15km/km* 51.3°

Space limitations preclude a detailed discussion of the
comparative morphometries of Martjan sapping channels and
those developed in the sapping box experiments. However,
several similarities are readily appareut. Sapping channel
systems on Mars and in the sapping box exhibit some degree of
organization to their spatial occurrence manifest by the
regular interchannel distance along the basal escarpments.
This spacing is about 20 km on Mars and about 9 cm in the
sapping box (Fig. 2). This organization is also apparent in
the dimensionless interchannel spacing ratio (lateral
escarpment distance divided by the average interchannel
spacing). Channel networks on Mars and in the box have
similar channel length values. Junction angles developed by
sapping processes averaged 40 to 50 degrees. Lubowe (1964)
showed that junction angles in 1st, 2nd, and 3rd order
dendritic terrestrial stream networks averaged 60 to 8%
degrees.

Our next series of experiments will attempt to integrate
a quantitative monitoring of flow conditions and look at
surficial morphologies developed in varied sedimentary media
and environmental conditions.

References:
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GEOMORPHIC MAPPING OF MANGALA VALLIS, MARS
R. Craig Kochel, Dept. of Environmental Sciences, University
of Virginia. Charlottesville, VA 22903, Cassandra J. Runyon,
Dept. of Geology, Southern Illinois University, Carbondale, IL
62991, and Victor R. Baker, Dept. of Geosciences, University
cf Arizona, Tucson, AZ 85721

Mangala Vallis is one of the large outflow channels on
Mars carved by enormous volumes of northerly-flowing fluids.
Mangala Vallis occurs at longitude 153° and extends from -10
to -4° south latitude. The channel bifurcates into two
distributaries before terminating ‘n the Amazonis Planitia
basin (Figure 1).

Geomorphic mapping of Mengala VaXlis followed the format
of Baker and Kochel (1979) and is shown in figure 2. 1It is
apparent that the hilly and cratered host terrain has been
extensively modified by catastrophic fluvial flow(s) and was
later subjected to post-diluvial modification processes,
Table 1 summarizes the comparative geomorphology of Mangala,
Maja, and Kasei Vallis, Mangala Vallis most closely resembles
Maja vallis, Their geomorphic similarities may be largely Adue
to similarities of host terrain materials in which these
channels were eroded, i.e. hilly and cratered terrain. Unlike
the Kagei Vallis channel developed in lunae planum material,
Maja and Mangala show minor post-diluvial modification of
channel walls. These differences are probably due to
contrasting behavior of different ground-ice and regolith
character between the two host terrain types. The absence of
extensive fracture systems in the region of Maja and Mangala
Vallis relative to Kasei Vallis also indicates cont:asting
regoliths and/or structural histories. Channel floor bedforms
developed in Mangala are similar to those described in Kasei
and Maja Vallis (Baker and Kochel, 1979) with the exception of
a sinuous flat-topped mesa in the eastern part of the study
area (Fig., 1, site 5; Fig. 2, site IR). This feature may
represent the former floor of a valley filled with some
resistant material such as lava. The lava may have acted like
a caprock causing relief inversion. Eolian deposits and
landforms are more significant in Mangala Vallis than in Kasei
or Maja Vallis., Crater streaks are abundant as are large
areas of low-relief eolian mantles in some breached craters
and protected channel floors. Large dune fields also occur at
the mouths of the two Mangala distributaries and may represent
reworked fluvio~deltaic sediments.

References:
Baker., V. R., and Kochel, R. C., 1979, Martian channel
morphology: Maja and Kasei Vallis: J. Geophys. Res., v. 84, p.
7961-7983.
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TABLE 1 =-- GEOMORPHIC COMPARISON OF OUTFLOW CHANNELS

¥ GEOMORPHIC FEATURES KASEl VALLIS MAJA VALLIS MANGALA VALLIS FIG 1 FIG 2
4 Host Terrain lunae planum hilly and cratered terrain 1 ic
Channel Pattern alternating zones of divergence/convergence
Channel Floor .
Long, grooves abundant common abundant 2 n
Streamlined hills abundant abundant abundant - | SH
: Obstacle Bcour abundant common abundant
[ Crater breaches rare abundant abundant 4
Cataracts common rare rare
Inverted relief common S IR
Terraces common common-rare commoin 6 T
Eolian Deposits crater streake crater streaks nrater streaks
i common minor dune fields 7 D
Post-diluvial extensive minox minor
i Wall Modifications debris fans, talus talus
aprons, flows slumps slumps
talus debris sapping 8 -
Chsotic Ter:-ain rare common-r&re 9 car
Fracture Systems abundant rare rare
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Figure 1.
vallis (frames 451517-35).
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Viking nrbiter photomosaic of part of Mangala

sites are referred to in Table 1.
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LAKES OR PLAYAS IN VALLES MARINERIS
B. K. Lucchitta, U.S. Geological Survey, Flagstaff, AZ 86001

Layered materials in Valles Marineris, which were first recognized on
Mariner 9 pictures, were attributed to depositiocn in lakes (1). Moderate-
and high-resolution Viking images, some with stereoscopic coverage, now
permit a critical evaluation ot this hypothesis. These new images clearly
show that the layered materials are interior deposits and not erosional
remnants of formerly more extensive plateaus. The interior materials ara
finely and evenly layered, whereas the walls of the plateaus are not.
Overlap of the highly eroded interior remnants of the plateau by the
layered materials indicates that these layered materials postdate the
plateau rock and extersive erosional activity. Both deposits differ in
erosional aspects: the slopes of the layered materials are dissected into
numerous parallel qullies and show few landslides, whereas the wa!lrock is
characterized by anastomosing spurs and gqullies with many lands!ides.
Also, unlike the wallrocks, the interior deposits are highly susceptible
to wind erosion; thus they are probably less well indurated and differ in
composition,

Evidence from Viking images also supports a sedimentary depositional
origin associated with water. The fine and even bedding in the layered
materials is consistent with empiacement in playas or lakes; turbulent
winds associated with the rugged relief of Valles Marineris are unlikely
to have created such even bedding. Also, similarly layered wind deposits
would then occur on the surrounding plateau, but they do not. If the
interior deposits were former polar deposits, as suggested for layered
deposits elsewhere in the equatorial area (2), they should, again, not be
restricted to the troughs. However, the volume of the interior deposits
appears to be larger than that of materials eroded from the trough walls,
many of which are fault scarps; the additional materials are probably from
volcanism inside the troughs (3).

Involvement of water in the deposition of the interior beds is also
suggested by relative-elevation data (4). The position of the highest
points of the interior deposits about 2,000 m below the plateau rims
indicates that slopes existed toward the interior. Even though the floor
elevations of Ophir and Candor Chasmata differ by as much as 4,000 m, the
fact that the contained beds reached similar elevations strongly suggests
fluvial deposition at a common base level. The physical resemblance of
the intericr beds to basin beds in fault troughs of the Basin and Range
province of the American West also supports deposition of these martian
beds in "“okes or playas.

Runoff frum the surrounding plateaus, in addition to sapping, may
have contribuied water and sediment to former lakes in Valles Marineris.
Generally, tributary canyons to the troughs lack visible drainages above
the canyon heads, and they presumably eroded headward by sapping (5).
However, debouchment of integrated valley networks from the Sinai Planum
plateau into tributary canyons south of Ius Chasma suagests that runoff
from the plateaus played a significant role in some pilaces. Other such
valley networks may have existed elsewhere but now are not recognized
because they were poorly developed in the resistant lavas that cap the
plateaus, and were later buried by wind deposits.
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A difference in wall morphology between old and young wall cegments
of Valles Marineris suggests that a climatic change took place during
development of the walls and that old wall segments developed during a
fluvial epoch. 01d wall segments, characterized by spur-and-gully
morphologies, occur on the upper part of the fault scarps that form the
walls, whereas young wall segments, characterized by smooth talus slopes,
occur on the lower part of the same fault scarps; the transition between
these two wall types is abrupt. Also, all young landslide scars are
smooth walled and do not show transitional forms to spur-and-gully
morpholcgies. The old spur-and-qully type of wall dates back to the time
of valley-network formation on Mars and thus is linked to an epoch of
fluvial activity. Because interior deposits are associated with the spur-
and-quliy morphology, they also belong to the older fluvial epoch. This
association supports the hypothesis that the interior deposits were
emplaced by water.

Spur-and-gully morphology may be an erosional style that develops
preferentially in a subaqueous environment. Radio-echo sounding on the
tarth reveals remarkably similar erosional forms on the walls of submarine
canyons. This similarity suggests that the spur-and-gully morphology on
Mars developed in deep bodies of water that filled Valles Marineris,
although the resemblance of many subaerial erosional forms on Mars to
subaqueous forms on Earth weakens the argument.

Circumstantial evidence also supports the idea that Valles Marineris
may have contained lakes or were filled to high levels by deposits from
ephemeral lakes and playas. The headwaters of Simud Vallis once extended
into Valles Marineris. The present floor gradient on Simud Vallis between
Valles Marineris and the Chryse Rasin is virtually flat, and movement of
water through the valley would have been difficult. Flow would have been
greatly facilitated if Valles Marineris were once enclosed and formed
lakes that eventually overflowed at high spiliway levels, and thus
provided the necessary gradient for Simud Vallis. Breaching of the
containing dam by headward erosion along the ancestral Simud Vallis could
have caused a gigantic flood that created the necessary gradient and gave
Simud Vallis its present configuration.

None of the above observations alone conclusively demonstrates that
lakes or playas ever existed in Valles Marineris, but altogether the
evidence is highly suggestive. Therefore, the early hypothesis (1) is
supported by more detailed observations. Valles Marineris once, during a
more fluvial epoch on Mars, probably contained water in permanent or
ephemeral lakes, and received sediment thet was deposited in the
interior.
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PREFERENTIAL DEVELOPMENT OF CHAOTIC TERRAINS ON SEDIMENTARY DEPOSITS, MARS
B. K. Lucchitta, U.S. Geological Survey, Flagstaff, AZ 86001

Chaotic terrains on Mars are characterized by polygonal fracture
systems, angular mesas, and rounded hummocks arranged disorderly in
irreqular hollows, circular depressions, or at the base of scarps. Sharp
(1) ascribed the origin of chaotic terrains to possible collapse through
the degradation of ground ice. Here, I examine the proposition that some
chaotic terrains are associated with fluvial depositional centers and
suggest that chaotic terrains may have developed preferentially on
sedimentary deposits.

Polygonally fractured ground occurs in several low areas (2) in
Valles Marineris. One such area is in the center of Candor Chasma, where
outwash from landslides apparently converged and pooled (3). The deposit
from this former pool has a level surface, embays the surrounding terrain,
and has a surface texture of irregular plaques and hummocks traversed by
numerous cracks. Two other, smaller low spots in East Candor Chasma show
a similar surface texture. These observations suggest that sediment
deposited in ponded water on Mars may yield surfaces that are traversed by
cracks and broken into plaques and hummocks similar to chaotic terrains.

Chaotic terrains are also associated with fluvial activity elsewhere
on Mars. In Margaritifer Terra (MC-19 SE), several valley networks,
including Parana Vallis, drain toward a regional low; this depression is
occupied by deposits with chaotic arrangements. Chaotic terrair occurs
where Nirgal Vallis debouches into Holden Vallis (4), where Mawrth Vallis
empties into the Chryse Basin, and where Ma'adim Vallis enters a crater.
These observations suqgest that deltaic or fan deposits formed locally
along the course of martian valleys and that such deposits favored the
development of chaotic textures.

Other depressions on Mars contain chaotic terrains. Three large
circular lows in Sirenum (MC-24 NW) contain materials that have chaotic
arrangements. These depressions are probably ancient crater scars that
were filled with sediment from local runoff. Volcanic activity in this
region {5) may have contributed to the release of water from the ground or
from emanated volatile materials. Here, as in Valles Marineris, there
appears to be an association between depositional centers and the eventual
development of chaotic terrains.

The main area of chaotic terrains on Mars lies in Margaritifer Sinus,
where it occupies the regional low between the Tharsis uplift to the west
and the martian cratered highlands to the east. Carr (6) suggested that
subterranean aquifers emerged and formed springs in this Tow area, and
Boothroyd (7) discovered that ancient valley networks converged on this
Tow, where they may have coalesced to form trunk streams ancestral to the
present outflow channels. These observations support the view that the
present chaotic terrain may 1ie on a former flood plain and its water-
saturated sediment. Chaotic terrains also occur in many places along the
north highland boundary; there, also, they may have formed on the deltas
or flood plains of some of the ancient valleys that flowed toward the low
area of the northern plains.
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In summary, the association of chaotic terrains with apparent former
fluvial activity and ponding suggests that sedimentary deposits may have
been favored materials for the eventual development of chaotic terrains.
The reason for this may be threefold. [1] Cracking upon freezing or
drying of water-saturated materials may have led to the typical polygonal
structures; [2] segregated ice masses may have formed in the fluvial
sediment, which has ¢rain sizes that favor the development of segregated
ice (sand and gravel furnish the needed aquifers, and silt is most
susceptible to the massive growth of ice); and [3] degradation of the
segregated ice masses led to eventual collapse of the ground.
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Modification of Martian Fietted Terrain
Dean B. Eppler and Michael C. Malin, Department of Geology, Arizona State
University, Tempe AZ 85287

Fretted terrain is one of several lowland landscapes found on Mars that
suggest intense geomorphic activity. First described by Sharp (1), subse-
quent studies have concentrated on description and classification (2), age
relationship (3,4), and mechanisms and vigor of modification processes (3,
5,6,7). This study is concerned principally with the temporal, material,
and environmental constraints that can be placed on the modification of
fretted terrain by, in particular, the formation and maintenance of reason-
ably smooth surfaced, convex, lobate aprons that surround high standing
mesas and occur at the base of many scarps.

Measurements of apron width perpendicular to the superjacent scarp,
scarp height above the apron, and scarp azimuthal orientation, as well as
crater counts, were performed in Deuteronilus Mensae ¢n 52 aprons and
assoclated plains and highland units. Flow width shows no particular
relationship to scarp height, nor do high scarps have preferred orienta-
tions. The clustering of scarp heights does imply, nowever, detectable
layering in the materials underlying the upland surface. There is a strong
suggestion of a correlation of average apron widith with orientation: those
between N75°E and N165°E are wider than those at other azimuths. We will
return to thils observation shortly. Aprons have few, if any, superimposed
impact craters (5). Surrounding terrains have a more normal compliment of
such craters. From this it may be inferred that: 1) the aprons are voung
with unmodified surfaces, 2) the aprons are young with surfaces modified
by young or on-going processes, or 3) the aprons are old but with surfaces
modified by young or on-going processes. In each case, however, we appear
to be dealing with relatively recent (perhaps contemporary) process(es).

Material factors must also be considered when evaluating potential
candidates for mcchanisms of degradation. The distinct change in landform
character frem scarp to apron implies a variation in material. Possible
explanaticns for the observed relationships include, alternatively, apromns
made of coherent bedrock, coherent fragmental debris, or unconsolidated
fragmental debris. The fragments could be coarse, fine, or mixed. Each
of these alternatives implies certain properties and emplacement histories,
yet to choose one is not possible at present. Examination of IRTM high
resolution observations may permit this problem to be resolved.

Environmental factors, including temperature, atmospheric pressure,
and the abundance of H,0 in sol'id or liquid form, are, intuitively, ex-
tremely important to the evolution of fretted terrain, though this is by
no means proved. The current conditions do not permit liquid water in
the near surface materials (8,9), although climatic changes induced on 10°
yr timescales by astronomical perturbations may produce conditions allowing
but not necessarily ensuring the presence of liquid water (10). The pre-
sumed importance of liquid water to apron formation rests principally on
the ability of many processes, relying on water-related erosion and trans-
port, to create landforms similar to those seen in fretted terrain. The
relationship between scarp azimuthal orientation and apron width suggests
a possible link between rapid morning temperature changes and apron forming
processes. Processes of planation operating on bedrock, or mass movement
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phenomema, particularly debris avalanches, flows, or creep, seem most likely
responsible for the aprons in the fretted terrain. It is most probable that
these processes are active during periods of high obliquity, and may now be
less active or inoperative.
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POSSIBLE EVIDENCE OF HYDROCOMPACTION WITHIN THE FRETTED TERRAINS OF MARS

D. Weiss, and J. J. Fagan, Department of Earth and Planetary Sciences,
City College of CUNY, New York, N. Y. 10031

Many researchers have been concerned about the erosional history and main-
tenance of the Martian Highlands-Lowlands boundary in the vicinity of the
fretted terrain of the Deuteronilus Mensae. The geomorphic development of
this north-facing front and its associated valleys, channels, and outliers
was originally described by Sharp (1) as being the result of undermining
caused by the evaporation of ground ice exposed at the escarpment face or
by groundwater emerging at the foot of the escarprment. Squyres (2) pro-
posed that the removal of debris produced by the receding escarpment could
be accomplished by aeolian deflation after weathering or by fluvial trans-
port under different climatic conditions than those presently active on
Mars.

Ce s ewa

The presence of debris aprons at the base of many valley and outlier es-
carpments were described by Squyres (2) as being lobate with a distinct
convex profile. Carr (3) indicates that erosion by mass wasting along
the boundary around the mesas and outliers is persuasive. The debris
aprons can extend as far as 20 Km from escarpment surfaces and do not
appear to be cratered.

An examination of "Survey" series high resolution Viking imagery taken
along the northern highlands boundary area indicates the presence of a
"moat-Tike" depression or swale on the debris apron at its contact with
various excarpment surfaces. Thesa features appear to be about 3 Km
wide and, at the most, a few tens of meters deep. When found on the
debris aprons surrounding the outliers the "moats" do not have a pre-
ferred orientation or side on which they develop. Figure 1 illustrates
a typical "moat" surrounding an outlier. A few moats were observed to
encirclie the outiier, but most did not go around completely. When ob-
served on the debris aprons along the valley escarpments (Fig. 2), the
"moats" follow the trend of the valley walls. Thusly many of the debris
aprons initially described by Squyres (2) as having continuous convex
surfaces are, as shown in Figures 1 and 2, topped by a "moat-like"
depression.

The origin of the "moats" has led us to examine four possibilities:
aeolian erosion, sapping, basal slip or slumping, hydrocompaction.
When first observed it was assumed that the "moats" were aeolian in
orisin. They generally appeared to have a preferred orientation.
Further examination of the area indicated a non-randomness to their
distribution and the lack of other wind-derived features such as dunes.
A wind induced streamlining affect was also set aside. Sapping also
presented itself as a possible mechanism especially when the "moats"
were observed in several of the valleys south of the outliers. Laity
and Saunders (4) have invoked sapping as a process responsible for the
continued development of the valleys along the highlands northern
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escarpment. The removal of debris apron material would be initiated by

the sapping process to be then entrained in the down valley movement of
sediment. Unfortunately down elevation outflows were not observed for the
"moats" surrounding the outliers. The depressions could also be the result
of basal slip/slumping activity within the debris aprons. Slope instability
leading to the development of slip surfaces could produce en masse down-
slope movement of the debris apron. The depressions could thusly be analo-
gous to the grabens developed at the head of slump blocks and other similar
mass wasting features.

The fourth possibility is that of hydrocompaction. On earth, the introduc-
tion of water into under-saturated or moisture deficient low density sed-
iments can cause the reorientation of the sedimentary particles and the
collapse of the internal sedimentary structure occurs. Thusly the weight
of the overburden compacts the material as former pore space is reduced.
Where observed on Earth, most hydrocompacted materials include alluvial
fan, alluvial, and wind-blown silts such as loess and related sediments.
The phenomena is generally restricted to material with bulk densities of
less than 1.3 g/cm3 which nas a high void ratio. Where observed on earth,
the water needed to bring about hydrocompaction is introduced into the
sediment as a result of irrigation, leakage from canals and wells, and
storm runoff. Subsidence of up to 6 m has been reported for alluvial
sediments of the San Joaquin Valley of California.

On Mars one can speculate about the possible di.charge sources for water
that can bring about hydrocompaction. Sharp (1), Squyres (2), Sharp and
Malin (5), and Carr (3{ indicate that the release of ground-ice and/or
groundwater have brought about the erosion of the fretted terrain and
valleys of the highlands northern front. Laity and Saunders (4) and
Howard and MclLane (6) also invoke the release of water in order to develop
sapping features on Mars. Carr (7) proposed a mechanism for the rapid
release of water from subsurface aquifers. It is quite possible that a
similar mechanism, acting much slower, would bring about the release of
water needed to produce the observed "moat-l1ike" features. Thusly, along
the escarpment faces of outliers and valleys, the release of water in
suitable quantities to bring about hydrocompaction is possible.

REFERENCES: 1) Sharp, R. P., 1973, JGR, 78, p. 4073-4083. 2) Squyres,..W.,
1978, Icarus, 34, p. 600-613. 3) Carr, M. H., 1980, Space Sci. Rev., 25,

p. 231-284. 4) Laity, J. E., and Saunders, R.S., 1981, NASA-TM 84211,

p. 280-282. 5) Sharp, R. P. and Malin, M. C., 1975, G.S.A. BULL. 86,

p. 593-609. 6) Howard, A. D., and McLane, C., 1981, NASA-TM 84211, p.283-
285. 8) Carr, M. H., 1979, JGR, 84, p. 2995-3007.
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Figure I. "Moat-like" depression around outliers of fretted terrain.
A. Viking image 267S41. B. [Idealized block diagram.

2B8. Not to scale.

Figure 2. “Moat-like" depression along
A. Viking image 302S04. B. ldealized block diagram.
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QUANTITATIVE MORPHOLOGY OF THE VALLES MARINERIS SCARPS
P. C. Patton, Department of Earth anhd Environmental Sciences,
Wesleyan University, Middletown, CT 06457

Analysis of the network characteristics of the Valles Mari-
neris spur and gully topography can be used to infer a sequen-
tial development to the chasma scarps. Observations of the
regional distribution of wall scarp morphology in the Valles
Marineris and comparitive studies of large scarps on Earth can
be used to place limits on the processes that are important in
the formation of the martian scarps.

Measurements were made of the quantitative morphology of
nearly 600 spur networks throughout the Valles Marineris. An
individual spur network is defined by the master spur that con-
nects the hillslope system to the crest of the scarp (l). Scarp
networks have the inverse pattern of the intervening gully net-
works. Network samples included both spur networks that are
truncated by apparent fault scarps as well as scarp networks
whose siope bases are more sinuous and lacking in structural con-
trol. Spur networks were also sampled along the length of the
Valles Marineris in order to ascertain any regional variations
in scarp morphology. The additional quantitative data on spur
network topology confirms many of the initial results of this
study (1). Networks that have fault scarps at their base have a
greater density of bedrock spurs and are apparently weathering
limited slopes where transport processes are dominant. Scarp
crests are also more linear suggesting a more uniform rate of
headward erosion. 1In cont—3' % slopes which lack basal scarps
have lower bedrock spur dei.. _les and are apparently transport
limited hillslopes where debris is stored on the slope masking
the spur topography. Slope crests are more sinuous implying un-
even rates of headward erosion as a few master gullies become
dominant. This is reflected in the increased width of the hill-
slope networks which coalesce concommittantly with the capture
of adjacent gully networks. The correlation of fine-textured
spur topography with basal fault scarps implies that regolith
removal by dry mass-movement processes is the most important
process on these slopes. Where the slope base is not rejuvenated
by faulting more debris is produced on the slope than can be
transported and a more subdued topography results.

Observations on the regional distribution of spur and gully
topography provide addition evidence for this process. The
ncrthern walls have a fine-textured spur and gully topography
which terminates against an apparent basal fault scarp. In con-
trast the southern wall lacks a basal scarp, has a lower spur
density and has a more sinuous crest and base. It is logical to
assume that both scarps were created at the same time. If both
scarps are the same age, then a radically different scarp evolu-
tion has occurred on either side of the chasma. A regional
comparison of north and south scarps throughout the Valles Mari-
neris does not reveal any preferential development of either
scarp form. Therefore, the difference is scarp morphology does
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not appear to be related to regional geology or other spatial
variables such as slope aspect. Instead these observations
further argue that the spur 'and gully topography is related to
the tectonic control of the scarp base and that other processes
are less efficient in transporting regolith off the slopes.

Comparitive studies of the chasma scarps with fault scarps in
the Basin and Range Province of the western U.S. provide impor-
tant contrasts. Mountain fronts in the Basin and Range of
various tectonic activity (2,3) were studied. The density of
spur and gully topography is largely independent of the morphol-
ogy of the mountain front scarp. This is because the fluvial
processes which dominate these scarps are efficient removers of
slope regolith. This negative evidence further supports the
suggestion that the rirtian spur and gully topography evolves by
masslwasting processes that require a continually lowered base
level.
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COLLAPSE: A MECHANISM FOR MARTIAN SCARP RETREAT
BASKERVILLE, Charles A., U.S. Geological Survey, 952 National
Center, Reston, VA 22092

Collapsed channel walls and coliapsed depressions have
been interpreted from images taken on the Vliking mission around
Mars. The question that arises is, where did the missing
materi:l go? All of the collapse based on degradation of
contained ground ice does not seem to account for all the
material formerly occupying the depressions. Some suggestions
are wmade tovard explaining this loss.

On scenes 206S21 (Fig. 1) and 231835 (Fig. 2), slumps or
collapse structures can be seen along valley walls which are
many times larger than similar Earth features (Mutch and
others, 1976). It is suggested that the lowermost materials
along the valleys were removed by fluid flowing down the
channel, undermining the outside channel walls along meander
bends. The broadly arcuate fissures along the fplateau edge
(arrows on photos) above the channel are surface expressions of
slumps in the early stages of development.

A possible explanation for slumping along these valley
walls is that the lowerwost material may be an engineering-like
soll, which 1is defined as all 1loose weathered material
inciuding decomposed bedrock with no cemented strength of its
own, which contained interstitial ice - permafrost or ground
ice (Mutch and others, 1976); the ice may have been warmed by
fluids moving in the channel reducing strength. The overburden
weight of the chunnel walls could then squeeze out the weakened
soll and cause collapse of the overburden mass along the
arcuate stress relief fractures. Martian channel, valley, and
chasma walls can range from many tens of meters to kilcmeter
dimensions in height. If this lower unit is silt- or clay-rich
(Mutch and others, 1976), it may have had large amounts of 1ice
in the pore spaces. When heated by the aforementioned fluids,
formerly 1ice-laden riged silt or clay could have €flowed
plastically and caused subsidence by loss of supporting
power. A similar reaction 1is reported 1in periglacial
enviroaments on Earth by French (1976).

An illustrative phenomenon, though non-static, cau take
place on earth-bound engineering projects where the weight of a
surcharge, which may be 3 or 4 meters thick, is used in an
attempt to consolidate and setrengthen s8ilts and clays with
iittle or no shear strength. When the placing of the surcharge
is not properly controlled, a "mud wave'" may resulr, which is
the engineer’s terminology for a failed mass fiowing from
beneath the over-burden surcharge.

On Viking images 232S13 (Fig. 3), 212s21 (Fig. 4) and
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212528 (Fig. 5), there cre large (* 5 Km) flat-floored craters
which appear to be <craters formed by collapse iato an
underlying large void; these craters lack ejecta blankets and
raised rims as seen agsociated with impact craters. Similar
features ca)led alases are found on Earth (Washburn, 1973). In
212528 the inner material of the crater has brokean into
blocks. Scene 212821 indicates slumping and «centripetal
drainage, shown by drainage lines leading 4inroc the crater,
around the scarp of the crater., Similar features are present
around the scarp of the large crater in the northeast corner of
232813, 232513 additionally has a window-like closed lower
gurface exposed beneath the mair crater floor.

Fagan and others (19561) have studied collapse craters and
shown hypothetical sequences for their formation along the
highlands - lowlands boundary. They indicate that these forms
may be fracture controlled, as evidenced, in some instances, by
subcircular outlines of the crater rims and linear edges--a
hypothesie this author supports based on examination of a
number of thewre features on Mars photcgraphy., Viking image
216826 (Fig. 6; depicts an elongated non-circular collapse
structure, many kilometers in length, tuat appears to be
aligned with a fracture striking east-northeast (see ariou on
216826). Rossbacher and Judson (1980) discuss similar
depressions which they attribute to wastage or degradation of
large volumes of ground ice in segregated masses and in pore
spaces, gilving rise to thermokarst topographv.

It is 4ndicated that the breakup of the material in
subcircular depressions, as in scene 212828, could have been
initiated by tectonism locally affecting fracture sa2ts related
to a large regional fracture system (Mutch and others, 1976).
This type of mechanism is probably the contirol for the eiongate
closed depression in scene 216S26. The erosion “y fluids and
3ravitational wasting of the material in the subcircular
depressions could have been started by the aforementioned
tectonic deformations which opened these fractures, allowing
more rapild erosion of their walls. The apparent 1internal
drainage systems have been 1instrumental &s channeiways 1in
carrying away the material eroded in these depressions.
Sediment transport was probably 1initiated by volcanic heat
which could degrade pore ice sguch as postu’ated by Rossbacher
and Judson (1980). This heat was transferred through some of
the fractures. The resulting melt water transported sediment
by traction and suspension into the open fractures within the
depregssions, and thence 4into subterranean channelways and
cavernsg. These subterranean caverns and channelways may be in
soluble strata, analogous to caverns in karst regions on Earth
such as the recent Florida sinkholes, or in buried lava
tunnels, as found in volcanic regions on Earth; both instances
on Mars being of much larger scale.
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LANDSLIDES OF VERMILLION CLIFFS, ARIZONA: APPLICATION TO MARS
Kenneth L. Tanaka, U.S. Geological Survey, Flagstaff, AZ 86001

Rotational blockslides and plastic-flow landslides appear to be end
members of landslide styles found along the base of 50 km of the
Vermillion Cliffs in northern Arizona, as well as along a few kilometers
of the neighboring Echo Cliffs. These cliffs are composed of the
following continental, Mesozoic formations (from oldest to youngest):
Moenkopi Formation ( Rm), Chinle Formation ( Rc), Moenave Formation
( Rmo), Kayenta Formation ( Rk), and Navajo Sandstone ( RJdn).
Reconnaissance mapping has partly shown the extent, geologic relations,
and morphometry of the landslides (1,2,3,4). Further field
investigation of some of the largest landslides has revealed their
structural details and mechanisms of emplacement.

The rotational blockslides in the vicinity of long. 112°00' W. and
lat. 36°45' N. involve 400-500 m of sandstone and siltstone from the
lower part of the Moenave Formation to the present surface of the Navajo
Sandstone (Fig. 1.), which overrode and, in some cases, carried along
parts of the underlying bentonitic shale beds of the Chinle Formation.
The slide deposits have a total length of up to 20C0 m and a width of
over 8000 m at this locality. The initial slides next to the cliffs
underwent later collapse of their distal portions, as a result three
success ve stages of rotational blockslides extend outward from the
cliff. These slides produce the characteristic stair-step appearance of
the cliffs. Thicknesses are generally less than 150 m for the first
stage slides and 100 m for succeeding stage slides. Individual slides
are as much as 2000 m in width and 700 m in length. Vestiges of an
older, more eroded sequence form a belt less than 1000 m long and 6000 m
wide at a distance of 2500 m from the cliff face (I in Fig. 1).

Slides of the first two stages emplaced adjacent to the cliffs are
well preserved (Ila and IIb in Fig. 1), whereas only local remnants of
blockslides of the third stage are present. Beds within the slides have
been rotated backward 15-50° from an initial dip of 4° N. The
landslides have steep head faults which flatten out into sole faults on
the overridden erosion surface or within the Chinle Formation. Because
they are generally linear in strike the head faults are probably
controlled by joints. Obvious shearing and local faulting and tight
folding has taken place in the underlying Chinle Formation. Sandstone
beds immediately above the sole fault have been broken up into meter-
scale blocks which are brecciated or fractured into centimeter- to
decimeter-size fragments. Small thrust faults occur locally in
siltstone beds of the Moenave and Kayenta Formations incorporated in the
blockslides. Another area of blocksliding, similar in size and style of
movement to the one just described, is found at lat. 111°61' W. and
long. 36°45' N.

Farther east a plastic-flow type of landslide dominates. Here a
Tower set of cliffs, as much as 100 m high, was formed because of the
erosional resistance of the Shinarump Member at the base of the Chinle
Formation which overlies the Moenkopi Formation. The bentonitic shale
beds of the Chinle Formation, carrying chaotic mixtures of the overlying
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formations, have been pushed over these cliffs. This kind of landslide
generally occurs when the lower cliffs are within 2000 m of the upper
cliffs.

One of the larger slides at long. 111°47' W. and lat. 36°43' N. was
inspected first hand. This lobate slide flowed adout 600 m past the
lower cliff face, splaying out from 300 m in width at the cliff to a
maximum of 750 m. At the toe, the slide is about 25 m thick, 5-10 m of
the Chinle Formation at the base is overlain by 5-20 m of chaotically
mixed red sandstone and siltstone, and a few boulders of the Navajo
Sandstone and lenses of shale and limestone from the Chinle Formation
are mixed in. The slide surface is characterized by roughly
transversely oriented swales 20-30 m in wavelength and 5-8 m in
amplitude. The surface gradient dips in the direction of transport at
6-10°. Otnher plastic-flow slides exposed along the lower cliffs appear
to have the same morphology and stratigraphy.

Rotational blockslides are typical of areas in which the slide mass
overrode flat terrain; plastic-flow landslides occur where the slide
material has been transported over a cliff or a steep slope. It is
supposed that the landslides in this area are Pleistocene in age because
the wet climate of that period would have facilitated their movement and
because of the limited amount of erosion since landslide emplacement.
Other rotational blockslides similar in nature to the first type
described have been documented elsewhere in the western U.S. (5,6,7).
They all have the same stratigraphy - a mechanically strong material
such as sandstone, lava, or welded ash overlying shale or loosely
consolidated volcaniclastic material in which failure occurs.

Application to Mars: Many landslides and suspected landslides have
been documented along martian scarps. The slides within Valles
Marineris appear to have been rapidly emplaced, perhaps.aided by
volatiles in the slide material (8). Landslides along the northwest and
northeast flank of the Olympus Mons escarpment are of at least three
different types; one style has a stair-step morphology similar to the
rotational blockslides described above, however, the martian examples
are larger in size, in accordance with the lTarge escarpment. One
martian example, at long. 135°20' W. and lat. 23°30' N., fell from a
9000 m cliff (Fig. 2). The slide is 40 km long and as much as 30 km
wide; it has four major slide segments that probably were formed in the
same successive slide stages as those inferred for the Vermillion C1iff
blockslides. FEach slide block is capped by cliff-forming, resistant
material whose surface dips backward, implying backwards rotation. The
slide has a 45 km northwest-trending lTinear scar; the scar indicates
fault control. Other slide sequences along the Olympus Mons escarpment
have one to four segments. No landslides of the plastic-flow type have
been found; however, these may be less plentiful because of the lack of
a bench or steep terrain over which low strength material can flow and
because of the difficulty of distinguishing plastic-flow types from
other types of landslide found along the escarpment owing to limitations
in image resolution. Another possible major locality of rotational
landslides occurs along the southeastern, stair-step appearing
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escarpment of Olympus Mons. Partial burial by lavas, however, make
interpretations tentative.

The occurrence of rotational blockslides and other slides along the
Olympus Mons escarpment suggest the presence of low-strength material
below the lavas. This material could be the previously proposed ash
flows or landslide materials within the escarpment (9,10). The
blockslides probably occurred soon after escarpment formation because
they are embayed by post escarpment lavas; other exposed landslide types
mostly post date the lavas.
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CONTINENTAL MARGIN SEDIMENTATION: ITS RELEVANCE TO THE MORPHOLOGY ON MARS.

Dag Nummedal, Department of Geology, Louisiana State University, Baton Rouge,
LA 70803.

The continental margin (slope and rise) constitutes one of the most
extensive geologic provinces on earth, accounting for as much as 9 per cent
of the surface. Sediment movement on the continental margin is dominated by
mass movement, including sliding, slumping, debris flowage and turbidity
current transport (Saxon and Nieuwenhuis, 1982). In contrast, sediment trans~
port elsewhere on earth is heavily dominated by fluid bottom traction and
suspension transport (rivers, longshore currents, shelf tides and storm waves,
winds). As a consequence, on all scales the earth's slope and rise morphologi-
cally are distinct from other, and traditionally better known, geologic provinces.

Mass movement appears to be the dominant mode of sediment transport also
on Mars, probably because there are no effective competing processes. Wind
is the only exogenic sediment transport agent on Mars today, and aeolian ero-
sion appears not to be very effective (Arvidson et al., 1979, Nummedal et al.,
1982). The frustration expressed by many authors in attempting morphological
comparisons between the earth's continental surface and Mars is easily under-
standable. Comparisons were made between surfaces subject to fundamentally
different mechanisms of erosion and sediment transport. In those cases where
subaerial terrestrial analogs to specific "fluvial" features on Mars have
been proposed, the analogies appear rather strained.

Recent continental slope mapping with side scan sonar of long range
(e.g. "Gloria", slant range: 70 km), medium range (e.g. "Sea MARC", slant
range 6 km) and short range (e.g. E.G. & G, slant range 0.5 km) permit the
following generalized characterization of continental margin morphology. The
examples which have been summarized in this description all come from tec-
tonically passive continental margins.

The continental slope is incised by numerous caryons (Emery and Uchupi,
1972). On the U.S. Mid-Atlantic slope canyons occur every few kilometers
along slope (Farre, 1982). Some of the larger canyons connect with fluvial
paleo-channels on the shelf (Hudson, Baltimore canyons) others appear totally
unrelated to paleo-drainage systems. The upper reaches of the canyons dis-
play trellis-like drainage patterns formed by second and third-order tributaries
with a spacing of about 300 m and 100 m respectively. Tributaries of adjacent
canyons generally meet, and have completely dissected the intervening spurs.

The major canyons display a highkly meandering thalweg. The channel walls are
scalloped; debris on the channel floor in some places suggests that these
scallops are crescent-shaped slump scars. The smaller canyons (which do no
indent the shelf edge) are straighter and display longitudinal channel-floor
ridges. Large lenticular avalanche scars sculpt the regional slope between
the major canyons (Ryan, 1982; Farre, 1982; Malahoff et al., 1980).

Submarine slides and slumps have now been identified on nearly all con-
tinental margins. These range in size from a slide covering more than 45,000 km?
on the continental rise off Northwest AfEica (Embley and Jacobi, 1977) to in-
dividual slides measuring less than 1 km¢ on the Mississippi delta front (Nummedal
and Prior, 1981). Mass-riovement appears to be the dominant mechanism for trans-
port of sediment from shallow to deep water on all continental margins. Marine
geologic evidence indicates that many submarine slides are transformed downslope
into debris flows and turbidity currents (Hampton, 1972; Embley, 1982, Heezen
and Ewing, 1952). The morphologic expression of the debris flow deposits and
turbidities is inadequately known largely due to the scarcity of deep-water
side scan sonar surveys. It is known, however, that long, continuous gently
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sinuous channels traverse the continental rise and abyssal plains away from
major canyon systems (Curray and Moore, 1974). Some of these channels are
more than 1000 km long, a few km wide and up to 100 in deep. Dee-sea fans
appear to include both bifurcating and meandering channel segments.

The assemblage of features due to mass-movement on i. 2 earth's con-
tinental margins is identi.. ' in scale, topographic setting and morphologic
detail to the complex erosional features on Mars.
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POLAR BASAL MELTING ON MARS,
Stephen M. Clifford, Department of Physics and Astronomy, University of Massachusetts, Amherst, MA
01003.

The possibility of polar basal melting on Msrs has been discussed as a potentially important
process in understanding the climatic history of hzo on Mars and the evolution of the martian
polar terrains (Clifford, 1980a,b,c; Howard, 1981). © In this abstract scveral key points of this
subject will be reviewed.

On Earth, the term "basal melting” i3 usually applie on.y when melting occurs at the
interface between an ice sheet and the bed on which it rests, That 1s, i{f an ice sneet is thick
enough for the combination of the Earth's geothermal heat flux and any frictional neat produced by
glacial sliding to raise the temperature at its base to the melting point - then basal melt:ng is
said to occur. Yowever, consider the ~ase whe:e the thickness of the ice rheet falls short of that
required for melting to cccur at the ice sheet's base. In this instance the melting isotherm will
lie at some depth below the base of the ice sheet but within the bed on which the ice sheet rests.
It is important to note tha:, if the bed is porous, pore ice is likely to exist in the region
between the melting isotlierm and the base of the ice sheer. If additional snow or ice accumulates
on the surface of the ice sheet, then the melting isotherm will rise higher in the frozen bed in
response to the added insulation. As the isotnerm rises it w."' release, as a liquid, any ice
which may have previously existed within the pores of the fro2un bed. while m.lting will not
technically occur at the actual base of the ice sheet, an increase in the ice sheet's thickness
will nevertheless result in the melting of pore ice beneat! the ice sheet. In the discussion which
follows, the use of the term *"basal melting® will be broadered to include any situation where pore,
or glacial, ice is meited as the result of a change in the pusition of the melting isotherm.

Basic assumptions. The exten. of the martian cryospherc is determined by both the v udinal
variation of mean annual surface temperatures and by the value of the martian geothermal ,:adient,
Present thermal models suggest that the depth to the 273 K isotherm varies from spproximate’y 1 km
at the equator to perhaps as much as 3 km at the mactiar poles (Fanale, 1976; Rossbacher and
Judson, 1980). Recent estimates of the total inventory cf H,0 on Mars (Pollack and Black, 1979;
Lewis, personal communicstion, 1980) are sufficiently large that the ground ice capacity of th
martian cryosphere, at least near the poles, is likely to be saturated. Therefore, as in the
example discussed in the previous paragraph, the deposition of any additionzl material in the
martian polar regions will result in a situation where the equiliorium depth tr the melting
isotherm has been exceeded - thus, basal melting will begin, and continue, until che equilibrium
depth to the melting isotharm is once again established. Any meltwater produced as the result of
this readjustment will fill the available pore space that exists beneath the martian cryosphere.
Calculations, based on a lunar analsg incicate that the martian crust may remain porcus to a depth
of almost 10 km (Clifford, 198la). Indeed, the availabe pore volume beneath the mar!.an cryosrhere
appears sufficient to store a sizablc reservoir of H,® as groundwater. This storage potential
may have important consequences for the climatic behavior of water on Mars - a subject which will
be discussed in greater detail later in this abstract.

Thermal calculations. The thickness of the martian polar deposits required for basal melting
can be calculated from:

Ty = Tg)
H = keff —%*O—f— (1)

where k is the effective thermal conductivity of the polar deposits, T i3 the melting
point t&‘n&ra:ure oi the ice (which may e depressed below 273 K due to ssure and solute
effects), T_ i= the mean annual surface temperuture, i{s the geothermal heat flux, and Qf
is the frictional heat due to glacial sliding (Clifford, °1989%a).

The effective thermal conductivity of the polar deposits is dependent on the quantity of dust
eatrained in the ice. After de Vries (1963, 1975) the effective conductivity, keﬂ' of this two
component mixture can be calculated from the relation:

.. Tiky ¢ F L4y
eft ~ Tf TFT, (2)

where k, and k, are the thermal conductivities of tt ' i1ce and dust, tl and f, are their
respective volume fractions (f, + ¢, = 1), an] where F is a weighting Zle“tor tha? represents
the ratio of the average r.el&peutﬂre gradient through the dust grains versur the average

261 (Y

PRECEDING PAGE BLANK NOT FILMEY

-



e

ORIGINAL PAGE IS
OF POOR QUALITY

TABLE 1. THICKNESS OF POLAR DEPOSITS REQUIRED FOR GEOTHERMAL MELTING (‘l‘s- 165 K).

Dust Content of Required Thickness (km)

Polar Ice T"‘P- 220 K Tlnp' 250 K ‘l‘w- 213 K
80% .81 1.2 1.6
60% 1.7 2.7 3.4
400 2.9 4.5 S.7
20% 4.5 7.0 8.8

S

Mopted valveg: k.= 2.7x10° cal/(cm yr K}, ky= 3.1x10% cal/(cm yr K),
09-22 cal/(om® yrj, Q:- 0, P=2.05.

temperature gradient through the ice. The actual value of F is also dependent on the size
distribution, shape, and orientation of the dust grains (the derivation of Equation 2 and the
appropriate formula for calculating the weighting factor F can be found in de Vries (1963, 1975)).

Calculated values of H for various dust contents and melting temperatures are presented in
Table 1; assumed values for the varicus constants in Equations 1 and 2 are also listed in the
table, The listed value of F was calculated for ellipsoidal particles with a major axis six times
the length of each minor axis; the particle orientation is assumed to be random (McGaw, 1969). The
melting point temperatures of 220 K and 250 K were included to allow for the possibility that salts
contained in the dust (specifically: CaCl, and NaCl,) might significantly lower the tempecature
required for basal melting. The presence af even a 11 quantity of salt may be important - for
it opens the possihility that melting may occur, not at a discrete depth defined by a particular
{sotherm, but over a broad range of temperatures represeiting an equally broad range of depths
within the polar deposits.

Storage of a primitive ice sheet, Based on the possikt.e identification of table mountains and
related morphologle: ~n Mars, {t has been proposed that an extensive lce sheet may have once
covered sizable area. of woth the northern and southern hemispheres (Allen, 1979a; Hodges and
Moore, 1979). Arvidson et al. (1980) have argued against such a proposal on the basis that the
difficulties involved in the removal and storage of such a large wvolume of ice appear
insurmountable. However, the process of basal melting may resolve both of these major objections
(Clifford, 1980c).

Ice will remain stable on the martian surface only at latitudes where the daily temperature
remains continuously below the frost point. If Mars once possessed extensive polar ice sheets,
then this fact may help to account for their subsequent d.sapp.arance. Consider for examgie that,
after the ice sheets had reached their maximum areal extent, t..» martian climate warmed. As mean
annual temperatures increased in the equatorial and temperate zones, the position of the frost
point latitude migrated towards the poles. When this latitud: passcd the outer perimeter of the
ice sheet, the ice began to ablate and redistribute itself poleward via cold-trapping. As a
consequence, what the ice sheet lost in areal extent it cained in thickness at the poles. With
this added thickness, the melting isotherm readjusted to maintain its equilibrium depth from the
surface - resulting in the initiation of basal melting. If the area involved in basal melting was
equal to the present extent of the nortklzand _sfut.h polar deposits, and if the geothe:mal heat flux
had a value of approximately 22 cal am © yr ° (Fanale, 1976), then a 500 m thick ice shee: that
once covered 408 of the planet's surface could be introduced into the martian crust as groundwater
in just a few million years.

The origin of Chasma Boreale It has been suggested (Clifford, 1980a,b) that Chasma Boraale
(85°N, O°W), and similar features in both the north and south polar terrains, may have bheen
formed by the catastrophic rel.ase of a large subsuriace reservoir of glacial meltwater. This
hypothesis is consistent with the depths for basal melting presented in Table 1 and with certain
morphologic similarities between Chasma Boreale and features, found elsewhere on the planct, whose
origin is popularly attributed to a catastrophic release of grougdwater. Of particula: interest.
are the similarities between Chasma Boreale and Riva Vallis (2°s, 43%). The differences that
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exist between these twa f{eatures can reasonably be attributed to their differing geologic
environments. For example, the large blocks of disrupted crustal material which are visible on the
floor of Riva vallis would not be expected in Chasma Boreale. The reason for this is that the
polar deposits apparently consist of fine dust particles entrained in a matrix of weter ice. The
disruption of these deposits, by the catastrophic release of a subglacial lake, would alter the
sensitive insolation balance that had previously preserved this polar material. The change in sun
angles and the exposure of low albedo dust would likely result in the evaporation of interstitial
ice from the disrupted blocks of polar deposits. The removal of this binding asaent would allow
strong polar winds, confined by the channel, to erode and transport the resulting sedimert »long
the channel floor (Cutts, 1973). while a fluvial origin for (hwasma Boreale is not the only
explanation for this featute, it is consistent with what one might expect if polar basal melting
wers widespread on Mars. It should be noted that a similar idea for the origin of Chasma Boreale
was propnsed in a slightly different context by Wallace and Sagan {1979).

The climatic behavior of H.O. Recent calculations on the stability of ground ice in tne
equatorial reglon o ts sugges! t any ground ice, emplaced earlier than 3.5 billion years ago,
may have long since been lost by sublimaticn to the atmosphere (Clifford and Hillel, 1982). Yet
varfous lines of morphologic evidence suggest that substantial quantities of ground ice have
existed in the eyuatorial region of Mars throughout its geologic history (Johansen, 1978; Allen,
1979; Rossbacher and Judson, 1981). In an attempt to address this apparent conflict, a model for
the climatic benavior of H,0 on Mirs has been proposed (Clifford and Huguenin, 1980; Clifford,
1981b). This model suggestS that as equatorial ground ice is depleted, it may be replenished by
the thermal migration of H. O from an extensive subpermafrost groundwater system. The groundwater
system is in turn rep]enis%ed when H, O, resulting from the sublimation of equatorial ground ice,
is cold-trapped into the polar ugiong - where, as before, the added layer of insulation results in
basal melting. The prinicipal asset of this wmodel is that it reprerents an essentially steady-
state hydrologic cycle which does not requitre any significant periods of climatic change to account
for the global redistribution of H.0. A major uncertairty and potential shortcoming of this
model is whether the Hzo inventory %\ Mars is large enough to Jsupport the required planet-wide
groundwater system.

The potential importance of polar betal melting on Mirs is not limited to Wi examples
discussed above. For instance, Howard {i981) has recently tuggested that polar basal melting may
be responsible for the origin ut the etched plains and braiued ridges of the south polar region. To
adaress these and other questions, a more detailed trearrent of polar basal melting on Mars is in
preparation. This research was supported under NASA Gra .t NSG 7405.
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PHYSICAL AND MECHANICAL PROPERTIES OF PERMAFROST ON MARS

Duwayne M. Anderson
State University of New York at Buffalo

Terrestrial permafrost varies widely in its physical and
mechanical properties and behavior. Ice content, for example, may
range fram O to 100%. Moreover, the ice content of permafrost is only
a fraction, albeit the predominant one, of the total water content. A
significant fraction of the total water present exists in an unfrozen
state and is distributed throughout the pore space and interfacial
volumes. The proportion of ice to unfrozen water varies in a
characteristic manner with temperature and solute concentration.
These basic facts determine, for example, the strength and deformation
properties of permafrost and also its hydrological and electrical
properties. Reliable relationships among these properties are
derivable from basic thermodynamic theory and from empirical
relationships recently established by laboratory and field data.

Permafrost exists at all latitudes on Mars. The temperatures and
pressures characteristic of the various locations and regions
determine, to a large extent, the depth and distribution of permafrost
and together with ground water salinity, control its ice content,
strength and deformation characteristics, hydrological and electrical
properties, etc. Calculations besed on the Viking Mission Data
results indicate that permafrost thicknesses range from about 3.5
kilometers at the equator to approximately 8 kilometers in the polar
regions. The depth to the bottom of Martian permafrost are more than
three times the depths characteristic of permafrost in terrestrial
polar locations. Martian permafrost is much colder than terrestrial
permafrost. Consequently, the proportion of unfrozen water to ice is,
in general, muich lower. This, however, may be somewhat offset by the
higher salinity of Martian permafrost. The combinaticn of low
temperatures and great thicknesses of Martian permafrost, coupled with
the low atmospheric pressure and very small snowfall, enhance the
stability of the Martian surface. The "active layer" on Mars is
extremely thin compared to that of terrestrial permafrost, making
Martian permafrost much more resistant to erosional processes than is
the case on Earth.
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ICE-WEDGE POLYGONS, BAYDJARAKHS, AND ALASES IN LUNAE PLANUM AND CHRYSE PLANITIA,
MARS. George A. Brook, Department of Geography, University of Georgia, Athens,
Georgia 30602

Based upon the estimated temperature regime permafrost must exist every-
where at shallow depth below the Martian surface. Furthermore, the
morphological evidence, including patterned ground, possible thermokarst
depressions, massive slumps (chaotic terrain), and rampart craters (1, 2)
strongly suggests the present or former existence of considerable volumes of
ground ice. At the present time water in the form of ice could exist in
equilibrium with the atmosphere in the polar latitudes to approximately + 40°
(3) and meandering stream channels are persuasive evidence that water was much
more common at or near the Martian surface in the past.

Two landforms common in terrestrial permafrost areas, namely ice-wedge
polygons and thermokarst alases, have attracted a areat deal of attention
because morphologically simiiar forms have been identified on Mars. Polygonal
patterns on the Martian surface are abundant throughout the northern latitudes.
Individual polygons, however, range from 2-20 km in diameter and most are
therefore much larger than terrestrial examples which rarely exceed 100 m across
(4). Black (5) points out that on Mars the reduction of gravity to a tenth of
that on Earth would permit some enlargement of polygons but not to ten times
the size. Although it is likely that Martian ice-wedge polygons could exceed
100 m in diameter, the larger features identified are more likely to be
developed in rock rather than in ice-rich sediments, and may have formed in
response to tectonic tensional stresses (6).

Depressions that resemble terrestrial thermokarst alases in morphology and
size have been identified in Chryse Planitia in & tableland comprised of layered
deposits (1) and in suspected aeolian deposits in Lunae Planum (7). In both
areas depressions have flat floors, steep sides, and circular to irregular
planimetric outlines. Coalesced forms are common. In addition, Theilig and
Greeley report that in the Lunae Planum examples, a knobby texture tends to
occur along the sides which may indicate areas where the process of alas forma-
tion did not go to completion. If these Martian depressions are indeed alases,
the various stages of development from ice-wedge polygon tc ‘as topography
should be evident. Neither Carr and Schaber nor Theilig a: eeley report
having seen the full range of forms typical of alas topograp._ on Earth.

As described by Soloviev (8) development of terrestrial alas topography
begins with the formation of high centered poTygons and intersecting networks
of trough-like depressions as the polygonal system of ice-wedges begins to thaw.
Further melting Jeepens the troughs causing the sides of the polygons to slump
and to form conical mounds called baydjarakhs. As degradation continues the
baydjarakhs collapse and decay with the formation of uneven-floored depressions
(dujodas) within the baydjaraknh field. Continued collapse ultimately produces
circular to cval depressions with steep sides and flat floors (alases).

Detailed examination of Viking orbiter images of the areas of Lunae Planum
and Chryse Planitia previously examined by Theilig and Greeley (7) and Carr
and Schaber (1) has revealed iandforms typical of the various stages of alas
development on Earth. The sequence of forms is best seen on Viking image 8A74,
which covers a small part of Chryse Planitia (Fig. 1). In this area 1ight-toned
polygonal patterns 0.1-1.0 km in diameter are visible adjacent to several flat-
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floored, steep-walled depressions which resemble alases. The polygons appear
to be of the low-centered variety and intersect the walls of some depressions
(e.g., at A and B in Fig. 1). Their scale is only slightly larger than ice-
wedge polygons on Earth suggesting that they may have been produced by thermal
contraction of ice-rich sediments. Small-scale polygonal patterns are also
visible on Viking images 3A72 and 34A83 of Chryse Planitia.

Polygens 250 m across at location C in Figure 1 are high-centered and form
a knobby terrain where they merge with a flat-floored depression to the west.
The topography at C is similar to knobby terrain around the margins of flat-
floored depressions in Lunae Planum (7) and closely resembles terrestrial
baydjarakh topography produced by degradation of ice-wedge polygons. Individual
knobs in Lunae Planum (Viking images 74 A09 and 74A10) are 0.4-1.0 km across
and are therefore of comparable size to knobs and polygons in Chryse Planitia,
and to small-scale, low-centered polygons 0.4-1.0 km across at 17.6°N, 57.0°W
in Lunae Planum (9).

The sequence of landform development in Lunae Planum and Chryse Planitia
from small-scale, high- and low-centered polygons, through knobby terrain
resembling baydjarakh topography, to flat-floored, steep-walled, rimless
depressions similar to alases and aias valleys, exactly parallels landform
evolution in terrestrial ice-wedge thermokarst regions. Moreover, morphologically
similar landforms on Earth and Mars have comparable dimensions. This similarity,
and the presence of well-developed rampart craters near possible thermakarst
topography in Chryse Planitia, suggests that the sedimentary blankets in
Lunae Planum anu Chryse Planitia presently contain (or once contained) large
volumes of ground ice, and that ground ice degradation has produced thermokarst
features.
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(a)

Fig. 1 Ice-wedge thermokarst in Chryse Planitia,
Mars. (a) is part of Viking orbiter image 8A74,
(b) is a morphologic map of the region. Low-

centered polygons at A and B intersect the walls
of alas-like depressions. High-centered polygons
at C resemble terrestrial baydjarakh topography.
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GROUND ICE AND DEBRIS FLOWS IN THE FRETTED TERRAIN, MARS
Baerbel K. Lucchitta, U.S. Geological Survey, Flagstaff, AZ 86001 and
J. H. Persky, Dept. of Geology, Bostun University, Boston, MA 02215

4~ abtin

The highland boundary in Protonilus and Deuteronilus Mensae is
dissected into flat-floored valleys and angular mesas, the so-called
fretted terrain. Sharp (1) attributed its origin to the sublimation of
ice on scarps, mass wasting, and possibly removal of the material by
wind. Viking pictures show debris with apparent linear flow markings in
valleys and below scarps. The inferred mass movement was attributed »y
Carr and Schaber (2) to gelifluction and by Squyres (3) to rock-glacial
flow. The present study, based on an examination of Viking images,
offers a new interpretation for the origin of fretted terrain.

Our study confirms previous observations which noted that debris
blankets extend, on average, no more than 20 km from the scarps (3,4).
Because the debris blankets are young and too small to account for scarp
retreat of more than about 5 km, Squyres (3) proposed that the major
dissection of the fretted terrain belonged to a former epoch and was
done by a different mechanism, and that the presently observed mass
movement is only a minor reactivation of erosicn on the scarps. He
believed that the origin of the debris blankets is the result of
incorporation of seasonal frost into taluc that then flowed from the
scarps like rock glaciers. We disagree with the view that a different
mechanism was responsible for the formation of fretted terrain in the
past and that seasonally added ice is the mechanism responsible for the
flow of debris. Even though trunk valleys such as Mamers Vallis may
have formed when water erosion played a significant role in the past,
the major dissection of the highland scarp into fretted terrain has
probably been due to the same debris-flow process that we observe
today. Moreover, seasonal frost appears to be insufficient to act as a
lubricant. Reasons for these assertions are given below.

1) The seasonal water frost observed at the Lander 2 site is very
thin and sublimated after some months (5). Percolation of this water
into a talus pile is unlikely under present martian conditions. Squyres
(3) visualized burial of such frost layers, but burial would imply rapid
talus accumulation; such rock piles, however, would dilute the ice to an
extent that would prohibit effective Tubrication and flow of rock
glaciers.

2) Most tributary canyons to fretted channels are filled with
young lineated debris whose surfaces are graded toward the main
channels. The debris comes from round, cirquelike valley heads that
apparently extended headward by sapping. This sapping process and the
accompanying debris flows created the fretted channels that we see
today; there is no reed to call on a former different process for the
formation of older fretted channels. Also, the typical angular shape of
outlying mesas appears to be a direct result of the rapid removal of
material from cliffs by debris flows; again, the shape of the scarps and
the fiow of debris appear to be intimately related, and a different
mechanism for the original formation of the anguiar mesas seems
unlikely.

P
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3) Bent and tilted surface layers at the edge of scarps, and
layers collapsed over linear troughs indicate that subsurface material
was removed. Such removal could have been by flow or by loss of
substance to the ground or the atmosphere. In either case, the presence
of ice would facilitate the removal of material; ice would lubricate
rocks and promote flow or ice would sublimate or melt. Thus, it is
likely that the ground in the vicinity of the fretted terrain contains
ice. Such ice, freshlv expcsed in steep scarps, could have mobilized
the material in the sc.arps, and served as lubricant for the rock-glacial
flow.

4) The volume of ma‘erial removed from tributary canyons is larger
than that deposited in debris aprons in the main channels. Similarly,
as pointed out by Squyres (3), the volume of material removed from
isolated mesas is not matched by the volume in debris blankets
surrounding the mesas. Additionally, elongate and enclosed troughs
contain debris blankets, but, because of the enclosure, the loss of
material cannot be due to flow. In &1l the above cases there is a
problem with the mass balance; because the deposits are too small, one
infers that material disappeared. Erosion by wind has been cited
previously (1) to account for the loss. However, even though fine-scale
wind features can be detected on very high-resolution pictures, the
overall landscape does not suggest intensive erosion by wind; for
instance, parallel ridges and qullies typical of wind erosion in
Memnonia and the Valles Marineris are absent, instead, the landscape is
dominated by smoothly curved debris aprons with flow-1ineated surfaces
and broadly scalloped scarps indicative of mass wasting processes. Wind
erosion appears to have been restricted to the lifting of fine materials
already chemically disintegrated or mechanically dispersed. Our
preferred explanation for the loss of large amounts of material from the
debris blankets is that the blankets contained more ice than previously
thought (30 percent estimated by Squyres (3)) and that, perhaps, they
are more like glaciers than rock glaciers. The ice could disappear
eventually by sublimation into the atmosphere or by percolation into the
ground at the base of the aprons. Because we believe, as pointed out
above, that the ice in the aprons is derived from ground ice, it follows
that the ground underlying the fretted terrain is also highly charged
with ice.

Squyres (3) noted that debris aprons on Mars are concentrated in
two latitudinal belts; the belts, about 25° wide, are centered on
latitude 40° N and 45° S. He attributed this zoning to climatic control
and the acquisition of seasonal frost. We agree with the climatic
control but disagree with the frost hypothesis, and we offer an
alternative explanation. According to Farmer and Doms (6), ice at a
depth of about 1 m is in equilibrium with the atmosphere north and
southward of 40° lat., This latitude coincides roughly with the belt
occupied by the debris blankets, and ir this region, near-surface ice
co. d remain in the cround for a2n extended period of time. Farther
south, in the equatorial area, ice exposed in scarps would sublimate
from the ground and the scarps would stabilize through the shedding of
talus; farther north, the temperature would probably be too cold to
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permit glacial or rock glacial flow. In the latitudes of the fretted
terrain, where the debris blankets occur, conditions would permit both
retention of near-surface ice in the ground and movement of ice-rich
material.

Thus, the following setting can be envisioned for the formation of
the fretted terrain: ice-rich ground underlying scarps of tectonic or,
perhaps, ancient fluvial origin became mobilized and the ice-rich debris
flowed away under its own weight, resulting in collapse of the scarps or
undermining and sapping at valley heads. The collapsed material also
became mobilized giving rise to continued fresh exposures on scarp
surfaces and continued retreat of the scarps. Many years of exposure of
the flowing material to the atmosphere eventually caused sublimation of
the ice; the small amounts of rock contained in the debris blankets may
have disintegrated and been dispersed by the wind. The young age of the
debris blankets suggests that the process that formed the fretted
terrain is currently active (3). If this process were rapid, then the
fretted terrain would be young; if this process were siow, which is more
probable under present martian environmental conditions, then the
inception of the formation of fretted terrain could be old. The process
could also have been intermittent and related to astronomical climatic
cycles. Further study may shed light on these alternatives.
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DOWNWARD-TRAVELLING INFRARED FLUX AT THE MARTIAN SURFACE PFOR PAST coz/uzo
ATMOSPHERES
Gary D. Clow, U.S. Geological Survey, Menlo Park, CA 94025

The martian polar laminae and quasi-dendritic valley networks indicate
that the climate of Mars has changed with time. The morphology of the
valley networks is most consistent with formation by running water [1]).
Although periodic orbital variations may cause the surface pressure to
oscillate between <1 mb and 20 mb as CO, is exchanged between the regolith,
atmosphere, and polar caps [2,3], such variations cannot induce climate
change of the magnitude necessary for the formation of valley networks.
Despite occasional midday equatorial temperatures above 273°K (4], the
present climate is simply too cold to supply enough liquid water to support
valley network formation. Wallace and Sagan [5) found that the evaporation
rate of ice 1s sufficiently slow even with the present martian climate that
liquid water could flow beneath a 10 to 30 m thic&lics llyer for hundreds
of kilometers with discharges on the order of 10 m°s '. However, the
source of the running water remains a problem. Although the melting of
subsurface ice or permafrost by geothermal activity may have supplied water
for some valley networks [5], nearly all the valley networks are restricted
to the old cratered terrain and they themselves probably ceased to form
shortly after the decline in the intengse bombardment 3.9 billion years ago
[6]. As discussed by many authors, a greenhouse effect may have enhanced
surface temperatures during a period of high surface pressure, to the pcint
that liquid water could exist on or in the ground that might subsequently
run off or seep into the valley networks. A compa~fson of the volatile
inventories of the terrestrial planets by Pollack and Black [7] showed that
the equivalent of from 1 to 3 bars of CO, may have been outgassed from
Mars. Pressures of at least 500 mb are required for the mean global
surface temperature to reach 273°Kk with a COZ/HZO greenhouse effect
[3,8,9]«

The thermal structure of the lower atmosphere, the disposition of
volatiles in the soil, and the evaporation rates of surface water ice and
co, frost, all partially depend on the exchange of energy at the ground-
surface interface. The downward-travelling infrared flux emitted by the
atmosphere 1is likely to have been a significaat component of the surface
energy balance for past martian climates. To aid in the study of near
surface processes, the downcoming IR flux from the atmosphere reaching the
ground (I ) was calculated for various surface pressures and temperatures
for atmospheres composed primarily of CO, with traces of water vapor. Carr
[10] is currently incorporating the effect of I+ , 4 term that was ignored
in the study by Wallace and Sagan [5], into his {investigation of the
stability of ice overlying running water. In the calculation of I,, each
atmospheric level was assumed to emit black-body radiation at the local
temperature. Absorption of the propagating radiation by CO2 and H20
molecules was approximated through the use of absorption bands that were
modified from those used by Hoffert et al.[9]) to yield the band
absorptances for downward-travelling radiation and to guarantee that the
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absorption of upward- and downward-travelling IR radiation would be the
same vhen traversing the same atmospheric path. The bands include the
effects of the 15 um fundamental transition of CO,, the hot bands of CO, at
10 and 15 um, the rotation bands of H,0 from 18 to 100 um, and the e-type
continuum of H,0 from 8 to 12 um, itno-pheric pressure was assumed to
decrease exponentially with altitude using a scale height appropriate for
C0, vhile the H,0 vapor pressure was scaled with the fourth power of
atmospheric pressure. The relative humidity was assumed to be 100X at the
surface for this set of caluclations. In an attempt to duplicate the
approximate radiative equilibrium conditions for the present martian
atmosphere, temperatures were assumed to drop exponentially with altitude
to a limiting value of 160°K (752 of the effective planetary temperature,
212°K) with a thermal scale height of 40 km.

The calculated downcoming infrared fluxes (I, ) are shown in figure 1
along with the envelope of values for mean global surface temperature as a
function of surface pressure as determined by Cess et al.[8], Hoffert et
al.[9], and Pollack [l1]. As expected, I 1is a rapidly increasing function
of surface temperature which 1s in turn an increasing function of surface
pressure. The downcoming IR flux approaches the values for the upward-
travelling infrared flux emitted by the ground as surface pressur/
increases, when the ground temperature and the surface air temperature are
equal. For situations where the ground temperature is significantly below
the wmean surface air temperature, such as for soils at night or small
bodies of surface ice, the difference between the upward-travelling IR flux
from the ground and the downcoming IR flux from the atmosphere can become
quite small. The value of I  associated with the mean global %rrface
temperature exceeds the current mean absorbed solar flux (113 W/m“) for
surface precsures greater than 100 mb. However, much of the solar flux is
absorbed by the atmosphere. Assuming .n atmospheric optical depth of 0.3,
the mean global solar flux absorbed by a soil with an albedo of 0.2 is
abogt 90 W/m® while that for thick ice with an albedo of 0.5 is about S5
W/m®. Although the downcoming infrared flux is small in comparison with
the absorbed solar flux for the present climate, it was an important
component of the surface energy balance if the surface pressure ever
exceeded 30 mb on Mars.
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Figure 1. Downcoming infrared flux evaiasated ai ground level as a function
of surface pressure and air temperature. Dashed line {8 th2 upcoming
infrared flux from the ground at temperature T £ (emissfvity=0.25). The
stippled area shows the range of values for mean ilobal surface temperature
as a functisn of surface pressure as determined by several workers
[8,9,11].
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PLAINS RIDGES: INDUCATORS OF COMPRESSIONAL STRESS ON THE MOON, MARS AND
MERCURY

Tad A. Maxwell, National Air and Space Museum, Smithsoanian Institution,
Vashington, D.,C. 20560

The morphology and orjentation of planetary ridge systems have been
studied locally in detail but also provide evidence of conpressional stress
on a global scale. Th/se ridges, similar to lunar mare ridg~< or wrinkle
ridyes, are here called "plains ridges” for applicability to the Moon, as
well as Mars and Mercury. Plains ridges can be used for both qualitative
~u.. quantitative estimates of the extent and magnitude of compression
wreurring after periods of plains volcanism., On the Mson, ridges formed
primsrily in late Imbrian through Eratosthenian time (3.8 to 2.0 b.y.), as
judged from crater counts, correlation with Apollo agoa, and superposition
of mare basalt units in which they form. On Mars, ridges surrounding the
Tharsis wolcanic province occur on plains of the Hesperian system, roughly
the equivalent of the Eratosthenian system on the #oon (1). Mercurian
ridges in intercrater plains are often gradational with the more well-known
scarps, and formed after the period of high impact bcubardment, but befcre
the Caloris basin (2). Independ2nt of age, the orientations of plains
ridges are useful for determiring the geograzhic extent o. local, regional
and possibly global compressive stress,

local Effects., The rims of partially and completely buried craters provide
one example of the influence of subsurface structure and topography on the
formation of plains ridges. Such ridge rings may be used to 2stimate the
minimum thickness of superposed plains, since the unit must be greater than
the rim height of the underlying crater. Ridge rings on the Moon ana Mars
are morphologically identical (3), and generally occur in regions of thin
volcanic ff1) (although a notable exception is the Lamont structure on the
Moon). Mapping of plains ridges surrounding the Tharsis region of Mars
indicates that ridge rings occur predominantly on the eastern edge of tne
Lunae Palus ard Coprates ridged plains, and vsuggest a minimum tliickness of
about 1 km for volcanic plains in this regicv. The geologic setting and
radar topography for north-south oriented ridges in eastern Coprates pro-
vides further evidence for local effects. Although the main ridge systems
south of Valles Marineris are developed on plains that slope gently to the
west, those in eastern Coprates (50° to 57°W longitude) occur in a
topographic trough aligned north-south with an axis at 55°W (see Figure 16
in reference 4) It is likely that ridge formation here was aided by sub-
sidence of plains material, similar to methods proposed for lurar basins,
but resulting in linear north-south trends rather than the coacentric and
radial arrangements of ridges in lunar basins (5).

Regional Stress Indicato-s. Ridge systems wirhin multi-ring basins indi-
cate the importance of both ralial and concentric compression that accom-
panied the downdropping of the central basin fiil (6, 7). Several
geometric models for crustal shortening due to basin subsid.nce and global
compression have been proposed, incl' ‘ing collapse of the fill from a

277 1% ICENCIONALTY REAW.
PRECEDING PAGE SoaM: Y w——"“’ "

oy el ra 4D



spherical to planar surface (8), reduction of circumference due to inward-
Jaipping bounding faults (6), and combinations of local and global=-scale
compression on a bending plate (7, 9). In contrast to the dominantly cir-
cumferential pattern of ridge systems of multi-ring basins on the Moon and
the Caloris basin on Mercury, ridges within martian basins are cc trolled
primarily by regional and possibly global tectonic forces. Circumferential
or arcuate orientation: of ridges are present surrounding the hasin edges
of seven martian basins, although those closest to the Tharsis region are
stroangly influenced by regional compression generated by the Tharsis load.

The deg-ce of correspondence between the modeled stress field and
actual ridge orientations has been quantitatively compared east of the
Tharsis province (5). Comparison of ridge orientations in Lunae Palus and
Coprates to a Tharsis center at 1°N, 122°W (10) indicates that more than
6J% of the total length of ridges is orthogonal to a mormal from this
center, Non-orthogonal ridges are seen to have general mortherly orien-
tations after 1 'mrval of the Tharsis orthogonai population. Comparison of
the frequency oc orthogonal aud non-orthogonal ridges further suggests that
loading due to the Tharsis riateau was effective in producing compressional
features as lar as 4000 km from the center of the load; additional sources
for compressional stress are necessary to account for ridge systems at
greater !is:ances from the Tharsis plateau. Further studies are in
progress to deterrine whether ti.ere is any systemati: trends ol those ridge
systems that do not conform to modeleu stress corientations on both the Moon
and Mars,

Global Compre~sion. Ir order to account for the exr :ss o northerly~-
trending ridge- in lunar basins (11), and the pronounced norctherly trend of
ridges on Mar- after removal of those orthogcnal to Tharsis (5), global
scare E-W compression has been suggested as a *robable source mechanism.
Preliminary estimates of linear shortening in martian ridged plains and
lunar basins indi-ate values of 0.5 to 1.,5% strain based on simple fold
models, although greater values are possible if significant thrust faulting
has occurred. If the strain represented by lunar basin ridge systems were
averaged over the entire Moon, these values would suggest a decrease of
radius on the order of 15 km, an order of magnitude greater than that esti-
mated for Mercury (2). Consequently, the delineation of local and regional
sources for compressive stress is an important prerequisite to estimating
the amount of strain represented by ridge systems.
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STRAIN ESTIMATES FOR THE RIDGED PLAINS OF MARS: EVIDENCE OF COMPRESSION
IN THE COPRATES QUADRANGLE

Thomas R, Watters and Ted A, Maxwell, National Air and Space Museum,
Smithsonian Institution, Washington, D.C. 20560

The compressional ridge systems surrounding the Tharsis province of
Mars comprise some of the most interesting structural features on the
planet. The intensity and complexity of the systems are best represented
in the Coprates and Lunae Palus quadrangles. Saunders and Gregory (1980)
measured the spacing of ridges in various localities in these regions.
They suggested that a Biot (1961) type dominant wavelength of folding
(Figure 1) could account for tne observed mean ridge spacing. Biot's
theory involves the folding of a viscoelastic media in response to
compressive stress. The dominant wavelength (Ld) of a single folded unit
of thickness (h) is related to the ratio of the viscosity of the folded
unit (n) to that of the underlying unit (n;) by the following equation:

1d = 2wh 3n/3n1

Using thicknesses for the plains unit obtained from methods of DeHon
(1979), Saunders and others (1981) used this relationship to show that the
ratio of ridge spacing to plains thickness is approximately 30,
corresponding to a viscosity ratio (plains to substrate) of 500.

With appropriate assumptions, Biot's theory of folding may be more
extensively applied to the ridged plains to provide estimates of 1) the
strain represented by the ridges, 2) the viscosity ratio between plains and
substrate, and 3) the thickness of the plains unit. If any two of the
three variables are known, and ridges in the region represent a single
folded unit, then the third factor can be calculated on the basis of this
model. In order to estimate the degree of strain in the ridged plains, both
the height and width of the ridgec must be determined. The ridge height
can be calculated from Viking orbiter images using a sine function
involving the width of the shadow and the solar incident angle.
Measurements of two parallel ridges, 63.2 km apart in SW Coprates
(measurements were made from a 4X enlargement of Viking frame # 608A45)
indico e heights of 410 and 440 meters. Comparison measurements made using
pixe. _istings support the measurements from the prints. Assuming the
ridges are simple symmetric folds (Fig. 1), the cross-sectional area of
the fold was estimated by multipying 12 the width of the ridge by bei, ht.
The volumetric strain (AV/V) was calculated for a range of plains thickness
(0.5-2.5 km) for one wavelength. A range of approximately 0.5 to 2.5%
strain was obtained. This strain estimate is independent of viscosity
contrast, but as shown, is dependent on thickness of the tolded laver and
dominant wavelength of folding.

Using Biot's theory it is possible to calculate the viscosity ratio
(n/ny) for a given thickness holding id constant. Viscosity ratios for
thicknesses with an Ld of 40, 63.2, 80 km were calculated (Fig. 3). The
most realistic range of viscosity ratios (500-3C00) suggests a thickness of
1,0 to 2.0 km for the plains unit in Coprates, The selected range of

279

[

P oware o aeeadmac



e

viscosity ratios seems reasonable since as Saunders and Gregory (198v)
pointed out, the ridged plains (most likely wolcanic in origin) are
probably underlain by an ext2nsive rcgolith with a low effective viscosity
relative to the plains unit. The resulting thickness value, however, is
greater than the 0.5 km estimated by DeHon (1981), but agrees with a 1.5 km
estimate by Szsunders and Gregory (1980 for W. Solis Planum. A thickness
of between 1,0 and 2.0 km suggest a strain of between 0.6 and 1.1% (Fig.
2).

These strain -;timates may be further tested using the Biot theory.
Once a dominant wavelength of folding is established, the degree of de-
velopment is depende it on the extent of amplification (Ad) of the
wavelength, The amount of amplification represents the factor by which a
fold of a given wavelength is multiplied after a period of time. The
amplification intensity at any one time (ty) during the fold history is
calculated with respect to a time (t)) when the layer has been shortened
25% and is related by the following equation:

loge A = to/ty(n/3n)?/? = x/25(n/3np)%/3 @)

where x is the Z strain at time ty. An upper limit of 25X strain is chosen
since strains exceeding this amount would erase all effects of folding
(Biot, 1961). Using this equation, strain for a range of viscosity ratios
and amplification factors were calculated (Fig. 4). Based on strain of

U.6 to 1.1% calculated above, a viscosity contrast of approxiwmately 3000
satisties the largest range of amplification factors (Fig. 4).

In conclusion, preliminary studies of the ridged plains in SW (oprates
indicate: 1) ridge heights of approximately 400 m; 2) the plains unit is
between 1.0 and 2.0 km thick; 3) the viscosity ratio between che plains
unit and the substrate is approximately 3000; and 4) the strain recorded in
the ridges is between 0.6 and 1.1%, Other wmethods to estimate strain are
undet i{nvestigation to provide checks on the internal self-consistency of
this model.,

Supported by NASA Grant NAGW-129,
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RIDGES RELATED TO IMPACT CRATERS AND BASINS ON MARS

Chicarro A. F.and Masson Ph,, Laboratoire de Géologie Dynamique
Interne, (ERA 804/02), Université Paris-Sud, 91405 Orsay, France.

Most large (over 100 km) impact craters and basins on Mars exhibit
numerous positive structures in their floor material (1). In contrast to
the relative concentricity to the basin rim of most mare wrinkle-ridges
on the Moon, impact structures ridge patterns on Mars show a greater
variety of structural directions (2, 3).

In Schiaparelli basin for instance (4), almost all ridges are randomly
oriented (few showing a NW trend), and there is also a non-oriented
pattern in the ridged plains north of the basin (fig. 1). In other cases, a
clearly concentric patiern can be seen, such as in Huygens and Herschel
bagins. Then, other ridge systams transect basins without altering their
directions like in Copernicus, thus showing a structurzl pattern which
provably respond to regional compressive stresses.

Small craters (50-100 km), also exhibit some ridge patterns in their
interior (fig. 2), and in some cases, ridge formation has been altered by
the existence of a crater, as some ridges tend to {ollow the rim crest.

Therefore, ridge formation seem to be a common phenomenon in crater
floor material, as all basins and many impact craters are ridge bearers.
Even Argyre, a supposed ridge-free basin, shuws a couple of ridges in
the northern and eastern parts of the basin, which do not seem to have
been covered by recent floor deposits (fig. 3). Naturally, those are not
to be interpreted as the sinuous ''polar-like" structures one can see in
the southern part of the basin.

So, why crater floor material tend to show a ridge morphology when
deformed ? Concentric ridge patterns may suggest (18 on the Moon), that
this material is relatively thick (several hundred meters), and then may
be deformed by subsidence due to the crater filling materiai load. And in
the much more frequent crossing or randomly oriented patterns, subsidence
may play a role but cannot account for the whole deformation.

Then, we may suggest that the smooth, relatively young, and probably
fine grained crater floor material (which may be interpreted as aeolian
and/or volatile rich deposits (5, 6)) is more likely to show a ridge
morphology in response to local or regional compressive stresses, than
the crater surroundings material. However, flow deposits in bounded
chasma, which may be comparabie to crater filling m .terials for their
physical properties, are rareiy ridged.

Therefore, ridges are probably nct the only morphological feature respon-
ding to compressive stresses. But it seems that certain materials (e. g.
crater floor filling material), tend to be deformed as ridges, rather than
other more resistant units, which may not respond the same way to
compressive stresses,
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Figure captions :

fig. 1: Schiaparelli basin, 500 km across, showing an almost randomly
oriented ridge pattern (locally NW trends are visible).

fig. 2: Ridges located in the old terrains of Aeolis quadrangle (207°,-12°),
transecting young crater floor material without altering
significantly their original direction.

fig. 3: Oblique view of the northern part cf Argyre Basin, showing an
important ridge which probably has not been covered by younger
floor deposits, or has been made visible by erosion.
(Viking Orbiter picture n® 079 A 21).
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COMPARATIVE GEOLOGY OF ORIENTALE, CALORIS, AND ARGYRE BASINS

THOMAS, P. G., MASSON, Ph., Laboratoire de Géologie Dynamique Interne
(ERA 804/02), Université Paris-Sud, 91 405 ORSAY Cedex, France.
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The geologic and tectonic mapping of three large impact basins-Orientale
on the Moon, Caloris on Mercury, and Argyre on Mars- is undertaken at the
Laboratoire de Géologie Dynamique Interne {Université Paris-Sud, Orsay,
France) in cooperat .1 with the U. S. Geological Survey, Branch of Astrogeo-
logic Studies (Flagsvaff, Az.). The shaded relief maps (1:5,000,000 scale,
Comparative Planetology Series) of these three basins are used as base ..aps
(M, @), 3.

The Orientale and Caloris stratigraphy is now well known (4), (5). The
outer limit of the transient cavity is characterized by "massif and blocky"
mountains up tc 1 or 2 km above the surrounding terrains : the M_rtes Rook
formation (Oirentale), and the Caloris Montes formation (Caloris). The tran-
sient cavity is surrounded by ejecta blankets which show hummocky or radial
facies. The Argyre stratigraphy established from Viking images is apparently
different of the siratigraphy Based on Mariner 9 images (6), and does not
look like its lunar and mercurian counterparts. There is no radial facies,
and only few patches of hummocky facies are observed around Argyre. But,
the "massif and blucky" facies appears to be more important than on Mercury
and on the Moon. This facies is 300 km wide (equivalent to 1 transient cavity
radius), and apparsatly shows blocks and ridges separated by rectilinear
troughs (fig. 1). The directionsof the ridges and of the troughs seem to
indicate that they are not resulting of ejecta deposition, as the Hevelius
formation's on the Moon, but that they are controlled by faults. This indica=-
tes that the Argyre blocky facies is not Lhe result of an overturned flap,
as proposed for the Oriertale Montes Rook formation (5), but that it corres-
ponds essentially to the preimpact faulted basement.

The three basins are surrounded by concentric scarps, usually interpre-
ted as gravity slumping downward an inward the transient cavity. Importance
and distribution of the scarps differ in the three basins : Orientale shows
one continuous scarp, a weak and discontinuous scarp is seen around Caloris,
and numerous and discontinuous scarps surround Argyre (fig. 1).

The outer scarp surrounding areas of Orientale and Caloris do not
show basin related tectonic features. But, the Caloris ejecta cxhibit uplifted
and downwarped blocks (7), indicating important tectonic¢ movements directly
or indirectly related to impact mecanism (38).

Argyre interior is completely embayed by recent plains material and does
not show any tectonic features related to impact mecanism. The Orientale non
more flooded interior shows elongated and complexly fractured domes produced
by compressional stress during the final stages of the cratering sequence.
The Caloris floor is intensively ridged and fractured by tectonic movements,
It has been proposed (8) that these tectonic features could be the consequen-
ce of Caloris radius shortning under globai compression of the mercurian
lithousphere.
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Despite of their morphologic similarities, the detailed comparative
geologic and tectonic studies of Orientale, Caloris, and Argyre basins show
important differences due to external factors (martian erosion) and to inter=-
nal evolution (crustal and lithospheric properties).

terminator

“
\ ARGYRE BASIN

ORIENTALE BASIN CALORIS BASIN
sess.... limit of the transient cavity — h
«vrr ~+ concentric scarp 300km A

=3 "massif and blpcky' facies

fig ]l COMPARATIVE STRUCTURAL MAPS OF ARGYRE, ORIENTALE AND CALORIS
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STRUCTURAL CONTROL OF GEOMORPHIC FEATURES IN THE KASEI VALLIS
REGION OF MARS

R. Craig Kochel and Cynthia M. Burgess, Department of
Environmental Sciences, University of Virginia,
Charlottesville, VA 22903

Schumm (1974) suggested that large Martian outflow
channels such as Kasei Vallis may have a structural origin
related to regional tectonic processes. PBRaker and Xochel
(12979) suggested that outflow channels may have initially
inherited their geometry from structural features and were
extensively modified by later catastrophic flooding.

Major geomorphic features of this region include: outflow
channels with qrooved floors, streamlined hills in outflow
channels, lunae planum plateau material which served as host
terrain, and craters. Major structural elements visible in the
region include: NE-SW trending grabens, N-S trending wrinkle
ridges, sapping channels extending away from channel
escarpments and on channel floors, and major fracture systems
of undetermined origin (probably joints). Figure l is a
simplified geomorphic map of the study area showing these
structural and geomorphic features. Details of these features
is found in Baker and Kochel (1978,1979).

Orientations of these features were measured from Viking
images and are summarized in Figqure 2, Comparison of Figures
1 and 2 indicate that only a fair correlation exists between
orientations of major straight outflow channel segments and
major fracture and graben syvstems. The poor correspondence
may result from the local variation in fracture orientations
over the region (Fig. 2). Large-scale outflow channel
orientations appear most closely alligned with graben trends
(Fig. 1), which may suggest that originally found more
accessable outlets through grabens but were inhibited by the
normally trending wrinkle ridges. Baker and Kochel (1979)
have shown that although some wrinkle ridges appear to
post-date channeling, most were formed prior to the channeling
episode and served as flow obrfiacles. As expected, tensional
fractures (grabens) anao compressional features (wrinkle
ridges) exhibit an orthogonal relationship and both have very
well-defined trends. Features interpreted as sapping channels
show some correlation to graben orientation and regional
fracture patterns., This may be irdicative of
structurally-controlled groundwater flow patterns through
zones of enhanced secondary permeability.
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Schumm, S.A., 1974, Structural origin of large Martian
channels: Icarus, v. 22, p., 371-384. Baker, V.R., and Kochel,
R.C., 1978, Morphological mapping of Martian outflow channels:
Lunar Planet, Sci. Conf., 9th, p. 3181-3192., Baker, V.R.. and
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“artian Global Tectonics
Achard A. Schultz and Michael C. Malin, Department of Geology, Arizona
State Univers{ty, Tempe, AZ 85287

Scarps, widges, and graben within the l.cavily cratered terrain of Mars
define distinct groups of structural trends on a regional scale, and a
pattern of crustal deformation on a global scale. These trends are the
result of regional deformation of th~ crust, rather than the impositiocn of
a single planetwide stress system. Centers of deformation are spatially
related by a systematic global pattern., As the relative ages of measured
structures seem to generally predate both the emplacement of Lunae Planum-
aged volcanic units and the structural and volcanic activity near Tharsis,
this structural pattern is thought to reflect a fundamental global organi-
zation of volcanic and tec{ ic aztivity. This pattern was establighed
early in martian history, and served to localize subsequent crustal modifi-
cation. The earliest anifestation of this pattern was in primarily mechan-
ical deformation of tue« crust. This was globally asymmetvic and most
intense in the northern tnjrd of the planet; it guided the formation of the
planetary dichotomy boundary, much of the original structure of the asso-
clated fretted terrain and, in addition to local volcanism, may nave con-
tributed to the NE-SW asymmetry of the later Tharsi~-related graben sets.
The other major phase of activity was primarily thermal: this produc=d the
extensive volcanic plaii-s of Lunae Planuw-age near Tharsis and, to a lesser
extent, in Syrtic Major and Hesperia Planitiae, Subsequent, more local
activity along this global pattern secems to have contributed to plains
volcanism southwest of Hellas, constructional volcar‘sm in the Tharsis
region, and modification (f surface landforms in areas of fretted terrain.
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FRACTURE ORIEMTATIONS IN THE THARSIS PROVINCE OF MARS

R.Bianchi, M,Fulchignoni and R.Salvatori, Istituto di
Astrofisica Spaziale del C.N.R., viale dell'Universita' 11
00185 Roma - Italy

The martian region Tharsis-Valles Marineris, because of its
peculiar volcanic structures, has been carefully investiaqa
ted by many authors. Several tectonic structures near Thar
sis Plateau, as graben, suggest an evident relation betwe-
en vo (inism and tectonism. Morphologic studies have been
carried out on the region Tharsis-Valles Marineris (1,2),
and the obtained results made it necessary to further in-
vestigate the tectonism of this region, in order to clari-
fy the geologic e¢volution of the whole planet. The study
of the lineaments of Mars (3,4), allowed scientists to put
forward the hypoteses that a certain mechanism of plate te
ctonic took place on Mars. On the other hand the study of
fractures and ridges orientation in this region (5,6,7) ma
de it possible to guess that geologic evolution occurred
under different circumstances. The solution of the prob-
lems concerning the correlation between surface stress di-
rections and the orientation of tectonic features would e-
nable the scientific community to reconstruct the geologic
evolution of the whole planet. Different types of stres-
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Tharsis-Valles Marineris can be related both to the possi-
ble stresses caused by the ancient mantle movements and to
the load of the volcanic material on the surface. The area
surrounding the volcanic region of Tharsis probably prese-
nts all the features produced by the tectonic events that
determined the current aspect of the region. The distinc-
tion between different types of fracture systems would be
very important to gain further information on the orienta-
tion and nature of the stresses that characterized the re-
gion during its history. In order to attempt a preliminar
distinction among fracture systems in more significant di-
rections we have statistically examined 6723 fractures in
the region limited between 170° and 40° long. and %*50° lat.
(fig. 1). In a previous
work (7,8), using azimuth
frequency and cumulative gy
lenghts diagrams, we found

a main azimuthal trend in

a N-S direction and a se-
condary one along an E-W 4«

r-r—r—er . r v

axis. In fig. 2 is repor- e
ted the frequency distri- !
Fig. 2 - Fracture azimuths '™}
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THARSIS — VALLES MARINER!S REGION

Fig. 4 - Fracture L L L A A B L
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the angular interval was chosen to be just larger than the
instrumental error due to the digitizing operation, i.e.+3°
Gaussian distributions were fitted to the peaks in the fra-
cture azimuths histogram obtaining several directional fam-
ilies. Assuming the mean value (% the instrumental error)
of each gaussian curve as the statistically significant ori
entation we extracted the fractures belonging to each fami-
ly. For example, in fig. 3 and 4 are shown two groups, res-
nectively along the directions 28°%3° and 13°%3° from N,
Examining the geographical distribution of the fractures in
each direction and considering the mutual distances among
fractures in the areas where they are more frequent it is
possible to attempt some speculation on the fracturing mo-
dalities in Tharsis region.

References: 1) Blasius K.R. et al.(1977) J.Geophys.Res. 82,
4067. 2) Lucchitta B.K. (1979) J.Geophys.Res. 84, 8097.

3) Masson P. (1977) Icarus 30, 49. 4) Masson P. (1979) The
Moon and the Plaanets 22, 212, 5) Wise D.U. et al. (1979)
Icarus 38, 456. 6) Maxwell T.A. (1982) Proc. 13th Lunar

and Plan. Sci. Conf. in press. 7)Salvatori R, et al.(1981)
NASA TM 84211, 386. 8) Salvatori R. et al. (1982) submit-
ted to Icarus.
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STRUCTURAL CONTROL OF SAPPING VALLEY NETWORKS ALONG VALLES
MARINERIS, MARS

R. Craig Kochel and Allan P. Capar, Department of
Environmental Sciences, University of Virginia,
Charlottesville, VA 22903

Valles Marineris is widely accepted to be of structural
origin, Support for this interpretation is provided by the
parallelism of extensive graben systems along the southern rim
of the canyon. Considerable geomorphic modification has
occurred along the canyon escarpments since their formation,
This modification is apparent as extensive landslides, slumps.
flows, and talus accumulation (Lucchitta, 1979). A simplified
geomorphic map of the study area including the western chasms
is shown in Figure 1. Crudely dendritic networks of deep
blunt-end valleys have developed along the canyon rims (Figure
1) and have been interpreted as having formed by groundwater
sapping processes. These sapping networks are particularly
well-developed along the northern rim of Valles Marineris. If
these channels were formed by groundwater sapping it is likely
that they would show a strong structural control because of
structural effects such as increased secondary permeability
along fracture/fault zones. To determine if the proposed
sapping channels are structurally controlled the orientations
of 257 channels and 147 grabens were measured and compared
(Fig. 2). From Figqure 2 it can be seen that when all sapping
channels are included in the data there aren't any clear
trends or correlations with structure. However, if the
smaller sapping channels less than 15 kilometers long are
filtered out of the analysis a clear orthogonal set of
orientations is visible (Fig. 2). Although the channel trends
do not correspond precisely with the graben orientation
trends, there is a strong suggestion of structural control iIn
the orthogonal pattern. This pattern is similar to patterns
developed in joint-controlled drainage networks on earth.

A fair correspondence exists between the overall graben
trends of WNW-ESE and NE-SW and sapping channel orientations
of NE-SW and NW-SE. Some of the deviations from perfect
correspondence could be explained by modification of sapping
valleys by mass wastage processes and the effects of secondary
fracture systems unrelated to the grabens. Viking frames used
to prepare Figure 1 show clear evidence at several locations
of sapping channels that have extended headwardly along the
axis of grabens along the southern rim of Valles Marineris.

References:
Lucchitta, B.K., 1979, Landslides in Valles Marineris, Mars:
J. Geophys. Res., v. 84, p. 8097-8113.
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ALIGNED SUBSIDENCE DEPRESSIONS IN THE VICINITY OF CERTAIN
MARTiAN VAVLEYS

J. Steiner, C. Sodden and D. Weiss, Department of Earth and
Planetary Sciences, City College of CUNY, New York,
N. Y. 10031

Large valley forms, commonly with amphitheater terminations,
dissect the steep walled escarpment of the northern plateau
terrain. Elongate graben-like and monocline-like forms which
contribute to the formation of patterned ground on highlands
(figure 1), comprise a subset of structures which logically
relate to the development of valleys. To these elongate
features may be added the tendency for depressional basins,
impact craters, and subsidence depressions to be elongate in
a systematic manner in relation to major lineations.

Of particular importance in this regard are subssidence basins,
characterized by steep-walled boundaries, flat floors, and the
absence of ejecta blankets, which occasionally offset ejecta
of adjoining impact craters (1). These basins can be separ-
ated into two major groups: relative.y small diameter basins
which punctuate the floor of upland terrains, and distinctly
larger basins which can be included in the beds of sinuous
valley channels. These latter features, together with channels,
define much of the discernable accordant lowland surface which
abuts highland rocks. About 3500 of these and related basins
have been digitized according to various parameters of morph-
ology in an attempt to arrive at meaningful discriminations
between basin forms.

The degree of elongation of basins can be expressed as the
eccentricity c¢f the basins in relation to an ellipse (2),

and plotted as a vector whose direction is that of the major
axis, and whose length is defined as the eccentricity (e = c/a)
of the ellipse. Figqure 1 shows a vector field made up of all
vectors related to the more obvious subsidence basins, as
presently recognized. It is readily apparent that the basins
o1 highlands in the vicinity of the valley walls comprise a
set conformable to that of basins on the lowlands (e.g. within
sinuous channels, or, in other locations, at levels close to
valley floors). This set of vectors is also subparallel to the
east-west direction of the valley floor (mosaic unresolved to
true north). Thusly, there appears to be an evolutionary
relationship between subsidence depressions and large valleys.

Valley formation and headward erosion have been related to
sapping at the headwalls (3,4). It has also been speculated
to occur along valley walls and portions of the major escarp-
ment (5). Present observations suggest that depletion of the
Plateau terrain may occur internally as well as marginally,
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and that basin form growth mav involve the production of the
large subcircular forms visible in sinuous channels. 1In this
context, graben-like features may reflect subsidence struc-
tures which in general have a transverse orientation in
respect t» vectors.

REFERENCES

1. Fagan, J.J., Weiss, D., Steiner, J., and Franke, O.L.
(1981) Subsidence Depressions on Martian Plateau Terrains,
NASA Tech Mem 84211, 308-309.

2. Steiner, J., Sodden, C., Weiss, D., Fagan, J.J. (1981)
A Morphological Comparison of Depressional Features in
Plateau Materials of the Deuteron Mensae Region Based
on Ellipsoidal Characteristics, NASA Tech Mem 84211,
312-315.

3. Laity, J.E., and Saunders, R.S. (1981) Sapping Processes
and the Development of Theater-Headed Valleys, NASA Tech
Mem 84211, 280-282.

4. Howard, A.D., and McLane, C. (1981) Groundwater Sapping
in Sediments: Theory and Experiments, NASA Tech Mem
84211, 283-285.

5. Weiss, D., and Fagan, J.J. (1982) Possible Evidence of
Hydrocompaction Within the Fretted Terrains of Mars
(this report).

Figure 1. Map of eccentricity vectors connected to subsidence
basins in fretted terrain at 38N 345W. Alignment
of vectors subparallel to the traced east-west
valley relates subsidence to valley forms.
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PRELIMINARY SURVEY OF KNOBS ON THE SURFACE OF MARS.
L. S. Manent, National Air and Space Museum, Smithsonian Institution,
Washington, D. C. 20560, and Farouk El-Baz, Itek Optical Systems,
Lexington, MA. 02173

Positive isolated features or knobs have been observed on Mars
since Mariner 9 first photographed the planet in 1972. More recently,
the Viking Orbitors photographed the surface at increased resolution.
dith the use of Viking photomosaics, a systematic search for these
features was completed. Data collected on the knobs are from U.S. Geo-
logical Survey photomosaics at 1:2,000,000 scale (Figure 1). Of the 68
mosaics, 19 contained isolated positive features. These mosaics cover
the Diacria (MC-2), Arcadia (MC-3), Mare Acidalium (MC-4), Cebrenia
(MC-7), Amazonis (MC-8), Syrtis Major (MC-13), Elysium (MC-15), Aeolis
{MC-23), and Noachis (MC-27) regions.

The knobs were characterized by length (long axis), width
(perpendicular to the length at widest point), geographic location, prox-
imity to streaks and geologic surroundings. These knobs occur in three
surface units: a) the lowlands, consisting of plains material, b) a
rugged upland terrain, and c¢) the plains/highlands border areas.

The Diacria Quadrangle (MC-2) contains knobs in the smooth and
mottled plains unit, which dominates the area (Morris and Howard, 1481).
The knobs age dissemigated throughout the northern part of the quad
between 140°W and 160°W, and are relatively small. Their average leagth
and width is 4.8km and 3.6km respectively, with a length to width ratio of
1.24. The knobs are more rounded but elongate ones are oriented south to
southwest. Wind streaks are not prominent but Thomas and Veverka (1979)
indicate a southerly wind regime, based on global wind streak directions
(Figure 2). There is an ar=a of knobby terrain in the southwest section
of the quad that extends to the Elysium volcanic province. These knobs
are surrounded by plains material, but form a rugged upland terrain.

They are associated with old crater rims and wails. They are slightly
larger with an average length and width of 6.2km and 4.8km and the same
proportion of rounded to elongate forms. Morris and Howard (1981) in-
terpret these as remnants of ancient crater terrain that was dissected by
faults and fractures and embayed by plains units.

Eastward in the Arcadia Quadrangle (MC-3) in the northern
section, small knobs are also disseminated throughout. Along 50°N in the
northeast section of Arcadia, large isolated knobs are present at the
northwest edge of Tempe Plateau in the etched-upland material. Knobs in
this region have an average length and width of 13km and 8.8km respective-
ly, and a length to width ratio of 1.56. They are mcre elongate than

those in the plains material and are oriented in a southw:sterly direction.

Global distribution of wind streaks indicate a south to southwest wind
direction (Figure 2). Structural trends in the area are also to the
southwest. The knobs are probably fracture-controlled erosional remnants,
with wind as a modifier of their forms.

In the northeast section of Mare Acidalium (MC-4), knobs are
present in the mottled plains material with average length and width of
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5.4km and 3.6km. The length to width ratio is 1.5. Streaks are absent but
knobs are vriented in a southerly direction. In the plains material in the
southeast section, knobs are scattered throughout, and their average length
and width is 4.1km and 3.3km. Similarily in the south-central section, the
knobs are scattered and small in size, with an average length and width of
4.8km and 3.4km. However, in the southeast section, there are also some
knobs forming a rugged upland terrain that are closely spaced and slightly
larger. Their average length and width is 5.8km and 4.2km.

In the Cebrenia Quadrangle (MC-7), knobs occur along the eastern
side in the Phelegra Montes and surrounding hilly terrain. They are
grouped together in an uplifted area of an intensely cratered ancient
surface that has been degraded. Their average length and width in the
northeast is 8.72km and 6.48km, and in the southeast 6.92km and 4.9km.

In the south-central part, scattered smaller knobs without streaks occur
with an average length and width of 5.19km and 3.52km.

Knobs occur in the western half of the Amazonis Quadrangle (MC-8)
in a rugged upland terrain forming parts of old crater rims and walls.
Their average length and width is 6.9km and 4.8km in th2 northwest and
5.3km and 3.6km in the southwest. Streaks are abundant in the area and
show a southwest wind direction. Similarly, the knobs have a southerly
and southwesterly orientation.

In the Elysium Quadrangle (MC-15) knobby landforms occur in
highly cratered and rugged terrain that extends in an arc from the south-
central part to the northeast part of the quadrangle. Northeast-trending
streaks are present throughout and are concentrated in the Cerberus region.
The average length and width of the knobs in the northeast is 7.0km and
4.8km, in the southeast 5.7km and 3.9%km, and in the southwest 6.3km and
4.6km. Length to width ratios are 1.58, 1.52, and 1.58 respectively.

Knobs are present along the plains/highland border of the
Aeolis Quadrangle (MC-23). These are significantly larger and appear to
have been produced by erosional retreat of the boundary scarp (Scott,
Morris and West 1978). Their average length and width is 11km and 9.1lkm
and their length to width ratio is 1.58. These knobs are oriented in a
northwest-southeast direction.

In the Noachis Quadrangle (MC-27), knobs are located in the
transitional zone between Hellespontus and Hellas, in the ancient
cratered highlands of Mars. These knobs are the largest, with average
length and width being 12.5km and 8.5km. Length to width ratio is 1.55.
These knobs are generally oriented in a northwest-southeast direction.

These observations suggest that in the plains region, northern
hemisphere of Mars, knobs are disseminated throughout and are signifi-
cantly smaller than anywhere else on Mars. They are commonly less than
5km in diameter and tend to be oriented along the global wind regime.
Streaks are not dominant in the region. North of the plains/highland
boundry in a rugged upland terrain region, knobs are slightly larger and
associated with streaks. They are commonly between 5km and 10km in di-
ameter. Faulting, fracturing, slumping, and wind erosion appear to be
the knob-forming processes. Knobs along the plain/highland border and
highland terrain region are larger and more structurally controlled, with
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the wind being a secondary eroding process. They are generally concen-
trated in groups and larger than 10km in diameter. Splotches are present

but no streaks are associated with the knobs.

References:
Thomas, P. and Veverka, J., 1979, JGR, vol. 84, no. Bl4.
Morris, E. C. and Howard, K. A., 1981, U.S.G.S. map 1-1286 (MC-2)

Scott, D. H., Morris, E. C. and West, M. N., 1978 U.S.G.S. map I-III (MC-23).
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MARS: SUBDIVISIONS OF HIGHLAND ROCKS
David H. Scott - U.S. Geological Survey, Flagstaff, AZ 86001

The highland terrains of Mars were onl; coarsely subdivided into
four basic rock units during the Mariner -geologic-mapping program.

Other geologic units were recognized in the highlands from the Mariner
images but were more or less ubiquitcus to the planet as a whole.
Geologic mapping and paleostratigraphic studies currently in progress
have revealed many new highland rock units 2nd have allowed the further
subdivision of others., Figure 1 illustrat . the general relations
between the Viking map units and those previously established from
Mariner pictures; these units are presently assigned only provisionally
to the martian time-stratigraphic systems. As on other planetary maps,
the names of the various rock units reflect their most outstanding
observable physical features but not necessarily their primary surface
forms or constructional morphologic characteristics.

In many places, boundaries between units are not shirp contacts but
represent gradational zones whose surfaces show varying dearees of
modification by resurfacing and fracturing. The plateau units (fiyg. 1)

enerally exhibit a regular transition between the hilly (5" ), cratered
?plc), and smooth (pls) materials that suggests increasing amounts of
voicanic or eolian deposits. The ridged plateau (plr) and ridged plains
{pr) units, on the other hand, may have different origins. Ridges
within the plateau material typically are more prominent, broader, and
more nearly resemble elongate mountain chains than their plains
counterparts. The plains-type ridges, also, are more likely to occur in
topographically low areas, where they »ppear to be associated with
infilling materials, such as lava flows. Although the end members of
these two ridge-forming units are readily distinguishable, gradations
between them are common, and in such areas their assignmer. to one or
the other particular type is less reliable.

Another, possibly unique, problem of ridge identification has
arisen in the Lunae Planum region. Here, the ridge systems resemble
typical plains-type wrinkle ridges; the ages of the ridges, however, as
determined by crater counts (1), are consistently older than thuse of
the smooth plains that encompass them. These ridges may belong to the
older ridged plateau unit, whose surface has been mostly buried by later
lava flows; the exposed narrow crestal parts of the plateau ridges
resemble those more typical of the plains.

Several new plains units (Atp _3) have been mapped in the Tempe
Terra (lat 40° N., long 75° W.) pa}t of the highlands. These units
appear to be embayed in places by early lava flows from Tharsis Montes
and thus may be slightly older than the Amazonian system to which they
have been assigned; possibly, the age of these units should be
designated Amazonian-Hesperian (AH).

The oldest appearing martian rocks (unit Nbc) 2re exposed along the
southern part of Claritas Fossae (lat 30° S., lorg i00° W.). In this
general region, they also occur as is'ands of rugged mountains
surrounded by lava Tlows of Tharsis Montes. In places, this basement
complex is also gradational with other units, particulary the hilly
plateau (Nplh) and fractured plains (prl) materials.
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(1) Tanaka, K. L., 1982, & new time-saving crater count technique, with
applications to narrow features (this issue).

(2) Scott, D. H., and Carr, M. H., Geologic Map of Mars; U.S. Geol.
Survey, Misc. Geol. Inv. Map [-1083.
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Figure 1.

Tempe plains 3
Tempe plains 2

Tempe plains 1

Lunae Planum 2
Lunae Planum 1
Ridged plains

Smooth plateau
Cratered plateau
Dissected plateau
Etched plateau
Ridged plateau

Fractured plains 2

Fractured plains 1

Hilly plateau

Basement complex

_ Amazonian

_ Hesperian

L Noachian

Subdivisions of major highland geologic units from Mariner and

Viking mapping. Correlations shown are only approximate; some of the

new {Viking) map units occur within more than one of the original Mariner

units shown on the 1:25 million-scale geologic map of Mars (2).
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COMPUTER ENHANCEMENT AS AN AID TO THE INTERPRETATION
OF GEOLOGIC FEATURES ON VIKING IMAGERY: ORIGINAL PAGE IS
A PRELIMINARY PROGRESS REPORT OF POOR QUALITY
Baskerville, Charles A., U.S. Geological Survey,
952 National Center, Reston, VA 22092

t

Initial analysis of Viking Orbiter scenes suggested the
presence of subtle tonal differences that might be
expressions of geologic features. Digital-image processing
was used to adjust the scene coatrast as aa aid to the
interpretation of a subset of frame no. 534A04. The
computer programs used are part of the Office of Remote
Sensing of Earth Resources (ORSER) package developed at The
Pennsylvania State University for enhancement of
multispectral images recorded from aircraft and the Landsat
and Skylab satellites (Turner and others, 1978; Sabins,
1978).

In the standard, unenhanced scene, which was recorded
in the 555 - 650 nanometers (K. Klaasen, personal commun.,
1982) wavelength region, a bright Jlinear zone was noted
along the middle of a valley wall. This feature was
interpreted tentatively as a lithologic unit. However, in
the contrast—-enhanced image (Lillesand and Xiefer, 1979)
this feature was determined to be a topographic bench.
Apparently, the strata above the bench have eroded more
rapidly than the 1lower strata, possibly suggesting a
lithologic difference.

Other tonal features of possible geologic importance
(Verstappen, 1977) will be analyzed using the ORSER program.
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Figure 1.-534A04 Apparent bright stratigraphic unit on
valley wall indicated by arrow in lower center
of scene.
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SIR-A IMAGES REVEAL MAJOR SUBSURFACE DRAINAGES IN THE EASTERN SAHARA:
APPLICATIONS TO MARS

J+ Fo McCauley, G« G+ Schaber, C. S. Breed, and M. J. Grolier, U.S.
Geological Survey, Flagstaff, AZ 86001

The Shuttle Imaging Radar (SIR-A), carried on Columbia in November
1981, penecrated the extremely dry Selima Sand Sheet and associated
dunes and drift sand of the Eastern Szhara to reveal previously unknown
buried valleys, geologic structures, and possible stone-age occupation
sites. Radar responses from bedrock and gravel surfaces beneath several
centimeters to possibly meters of windblown sand delineate sand- and
alluvium-filled relict stream valleys, some nearly as wide as the Nile
Valley and perhaps as old as middle Tertiary (fige. 1). Underfit and
incised wadis, many superimposed on the large valleys, represent the
effects of intermittent running water, probably during Quaternary
pluvial episodes.

The presence of these otherwise invisible drainage networks beneath
the eolian veneer (fig. 2) was suspected on the basis of earlier field
and Landsat studies of the Gilf Kebir region. There numerous steep-
walled incised dry wadis debouch from a dissected plateau onto the
surrounding desert plains, from which nearly all traces of former
fluvial activity have been eroded or buried by wind (Breed and others,
1982; McCauley and others, 1982a, b). In the Eastern Sahara, the size
and regional extent of cld buried fluwial networks has now been
confirmed by radar images. Radar-brightness units were mapped, using
techniques first applied to lunar mapping (McCauley, 1967), these maps
show a terrain formed under earlier, less arid climatic conditions
(McCauley and others, 1982a, b). The now-vanished major river systems
revealed by SIR-A probably accomplished most of the erosional stripping
of this now extraordinarily flat hyperarid region.

The presently hyperarid Eastern Sahara provides numerous analogs
for suv-face geologic processes and landforms on Mars, including relict
fluvial channels, yardangs, dunes, conical hills, and pitted rocks
(McCauley and others, 1979, 1980, 1982a; Grolier and others, 1980; Breed
and others, 1980, 1982; Grolier and Schultejann, 1982). Most of these
features are of hybrid origin and reflect an interplay of wind with
episodic running water and with mass wasting. The Eastern Sahara,
though on a much shorter time scale, clearly shows the effects of eolian
takeover of a previous fluvial terrain, as described for Mars.

The theoretical penetration of sand (or ice) by radar depends on
the wavelength and incidence angle of the radar beam (in the case of
SIR-A, 24 cm and 47° at the surface) and on the electrical properties of
the material, which are largely determined by soil moisture (Chilar and
Ulaby, 1974; Elachi and others, 1982). The calculated depth of radar
penetration of dry sand and granules, based on laboratory measurements
of the electrical properties of samples from the Selima Sand Sheet, is
at least 5 m. Penetration of dry sand by imaging radar thus provides a
new tool for geologic investigations of hyperarid regions whose
palimpsest fluvial features are obscured by a veneer of dry (or frozen)
sediment. A similar imaging-~radar experiment for Mars should result in
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hitherto unknown views of the martian terrain beneath the polar icecaps
and the eclian dust blankets and dune fields that presently obscure much
of its surface.
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Figure 1. SIR-A image showing Figure 2. Landsat image of
20-km-wide valley with a area of figure 1 at same :
stubby beveled tributary scale shown on radar
(at A) and much smaller image. Large valley is
superimposed channels at cbscurec by sand sheet
B and C. Note fans (arrows). and dunes. Faint irace
Al) these fluwial features of sand-filled incised
are burled beneath a veneer channel is visible at B. j
of windblown sand (see
fig. 2).
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SIR~A RESULTS FROM COASTAL NORTHERN CALIFORNIA

J.B. Plescia and R.S. Saunders, Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA 91109

Two SIR-A images of the coastal northern California area were acquired during
the STS 2 flight in November 1981, during ortits 20 and 21 and are referred to
as takes 24A and 24B respectively.

The northern coast of California 1is a heavily forested area composed
predominantely of Mesozoic clastic marine units. Most notable of these units
is the Franciscan complex which has been interpreted as a subduction

complex. The Franciscan lies between Tertiary-Cretaceous clastics to the west
and Paleozoic clastics and alluvium of the Sacramento Valley to the northeast
and east. Contacts between each major units are generally tectonic rather
than depositional. Faults within the region are generally northwest striking
(N20-30°W) paralleling the coast. The most important structural feature is
the Coast Range Thrust which forms the eastern margin of the Franciscan
units. The Coast Range Thrust, and other associated thrusts in the
Paleozoics, trend east to northwest and dip north to northeast.

Major contrasts in radar reflectivity are largely confined to the area
underlain by the Franciscan units. Within that region elongate zones and
smaller rectangular patches of low reflectivity occur. Many, but by no means
all, of the elongate zones occur along ridge crests. These low reflectivity
zones may be areas which have been deforested exposing the ground surface.
The smaller rectangular patches generally have their long axes oriented north
to northwest. These may reflect outcrops of ultramafic serpentine~rich rocks
which commonly occur in the Franciscan. The ultramafics do not support
substantial forest growth. Other reflectivity contrascts are assocliated with
the courses of the larger rivers which cross the region. All are marked by
low return. This is most likely due to flat valley bottoms filled with fine
grained material of much smaller size than the radar wavelength.

We have examined the azimuthal distribution of lineaments observed between the
coast and the western margin of the Sacramento Valley from both strips. This
was done in order to compare the lineament observed on the radar with the
known structure of the region.

Few mapped faults were directly observable on the radar image. Only the Coast
Range Thrust 18 readily identifiable apparently because of its correlation
with the south fork of the Trinity River. The absence of identifiable faults
on the radar image may result from several interrelated causes. First the
region is heavily forested and therefore the ground is not exposed, thus any
reflectivity contrast between rock types across a fault which might produce a
lineament are hic'den from view. Secondly, all the rock types in the region
are fairly similar marine clastics and probably vould have low reflectivity
contrasts. Finally the stuctures do not seem to have produced pronounced
topogruphic expressions which would result in observable lineaments.

There are some examples of correlations between lineaments and features
observable on the ground. Along the coast, within the Tertiary-Cretaceous
clastics, a series of short lineaments broken by numerous canyons which cut
rhe coastal region parallel the coast. These lineaments can be correlated
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with bedding within the clastic section. Distinct bedding apparently occurs
only within :he Tertiary-(retaceous section and not within the Franciscan to
the east. 1\ second series of lineaments which occur along the westcrn margin
of the Sacramen.o Valley can also be correlated with sedimentary bedding.
Here the Cretaceous clastic section has been uplifted exposing bedding in a
curvilinear pattern along the margin of the valley. The lineaments observed
closely parllel the outcrop pattern of the unit.

Three types of angular frequency histograms were prepared from the data.
These include a) the number of lineaments independent of their length as a
function of azimuth, b) the same data weighted for length of the lineaments
and c) only those lineaments greater than 5 km length. Figure 1 illustrates
the histograms of lineaments greater than 5 km length for takes 24A and 24B.
The average directions for each of these analysis is listed in Table I in
terms of direction relative to the flight line and to geographic north. The
majority of lineaments are oriented at an angle of approximately 50° to a
direction parallel to the flight track (40° from a normal to the flight
track). As the two orbit flight tracks differ by approximately 20° in
orientation (N78°E vs. N100®E), hence the lineaments seen on them are not
oriented in the same direction. The observed difference is well outside any
probable error in such an analysis. Additionally none of these directions are
similar to the generally N20-25°4 orientation of the structural features
observed in the region. Such a distribution of lineaments suggests that they
are not a direct result of structure but rather are an artifact in the data.

The results observed here indicate that extreme caution must be exercised when
attempting to map structural features in such regions from radar images.
Simiiar results to those resented here, that all lineaments do not represent
real structure, has also been reported by Elder et al., 1974 and Johnaton et
al., 1975.
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TABLE I
Number Length weighted Length Skm
relative absolute relative abgolute relative absolute orbit

559 -« 589 N47OW -~ 209E 54° - S5° N48%W - 229 53° - 51° N49OW - N17°E N78°E

49° - 502 N319W - SOPE 49° - 50° N31%W - SOPE 50° - 45° N30°% - 55°F N100°F
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MARS SURFACE PROPERTIES FROM VIKING BISTATIC RADAR
Richard A. Simpson, G. Leonard Tyler, and H. Taylor Howard
Center for Radar Astronomy, Stanford University, Stanford, CA 94305

Data from Viking bistatic radar observations at A = 13 cm wavelength
have been fitted to power spectrum templates calculated using the Hagfors (J.
Geophys. Res., 69, 1964) scattering function

6,(C,8) = (cos’e + C sinfe)™>/2

Surface roughness estimates from this analysis (Table I) agree closely with
values obtained from earth-based observatiors (Downs et al., Icarus, 26, 1975;
Simpson et al., Icarus, 36, 1978) where ground tracks intersect -- in cratered
terrain as well "as in pTains. There are no striking correlations between the
radar results and photogeology. This reaffirmi our earlier conclusion (Simp-
son et al., Icarus, 32, 1977; Icarus, 49, 1982) that processes vhich dominate
Mars surface texture at scales important to radio wave scattering (<100 m)

cannot be easily inferred from orbital images.

Values of surface roughness determined using the Hagfors function are 30-
40% lower than those derived previously with gaussian templates (Simpson and
Tyler, Icarus, 46, 1981). Previously published estimates from the permanent
north palar cap should be reduced, therefore, to about 2°. Inversions of
power spectra (Fig. 1) suggest that o,(C,8) only adequately describes sur-
face tilt on Mars., There is usually a higher proportion of surface elements
with near-zero tilts than the Hagfors function would predict. On the moon
0,(C,8) was judged the best of three functions (gaussian, Hagfors, and ex-
po”entia]) in comparisons with radar data (Simpson and Tyler, IEEE Trans., AP-
30, 1982). The difference on Mars may be the way in which aeoTian and other
processes modify the small-scale surface structure.

Comparison of roughness estimates from data in which two approximately
equal orthogonally polarized echoes were received shows no significant differ-
ences in the spectra of the two components. Separation of the echo into de-
terministic (polarized) and random (unpolarized) components showed occasional
presence of the latter. In particular, near (72°W, 17°S) where Downs et al.

Icarus, 26, 1975) reported detection of a depolarized echo, we found unpolar-
ized echo power. Though existing models are inadequate for quantitative in-
terpretation of polarization data there is general agreement that unpolarized
and depolarized power indicates the presence of blocks or other irregular
structure on the surface. 1’

+
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Fig. 1 - Tilt probability
density function for Chryse
Planitia Viking Lander 1 site.
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ORIGINAL PAGE 13 TABLE 1

R QUAL
OF POO Q Surface Roughness from Viking Bistatic Radar
Template Fits Using Hagfors' Scattering Law
(arranged approximately in order of decreasing latfitude)
Area poy” Ground Track RMS
Start Stop Roughness
°N N __°W oN %deg)
North Polar Cap 0290 129.60 85.38 175.59 88.70 1.79:0.11
South of VL-2 016 239.64 34,33 230.39 37.41 4,98+0.95
0lympus Mons 066 142.23 25.75 132.10 34,04 1.6713.46
VL-1 038 45.55 21.33 46,95 23,55 4,4240.18
Tritonis Lacus 343 247.52 18.28 249.43 20.03 4,15:0.18
250.26 21.85 250.11 23.90 1.7840.08

Syrtis Major 042 291.11 8.98 298.98 = 9.57 1.18 to 0.46
Lunae Planum 029 51.53 8.42 69.62 9,80 4.99 to 2.29

Arsia Mons 001 125.46 -13.85 131.18 -9.32 8.00¢1.32
Apollinaris 324 166.33 -19.86 167.88 -13.13 3.1610.44
359 193.29 -21.86 190.57 -16.26 2.3310.7%4

Sinai/Solis Plana 045 80,46 -25.07 73.92 -13.34 1.01 to 2.04
006 83.16 -24.27 78.12 -17.720 0.99 to 1.84

Soviet Site 339 26.65 -24.,56 22.72 -21,73 4.8210.09
Hellas 002 295.96 -46.25 300.50 -37.24 3.97-7.95
3.4010.64

®* Day of year. Day numbers larger than 300 were from 1977; the remainder were
1978.

** Generally given as a mean value and standard deviation -- e.g.,
“5.68:£0.54." High and low values along the ground track are indicated by
*3.97-7.95;" assume considerable variation. An approximately monotonic
trend from ground track start to stop is indicated by "“3.40 to 4.27." Dual
entry for Hellas 042 gives results derived independently frem two polariza-
tions.
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ANALYSIS OF THE APOLLO LUNAR SOUNDER EXPERIMENT DATA - A PROGRESS REPORT.

V. L. Sharpton, J. W. Head, Depart. of Genlogical Science«, Brown University,
Providence, RI 02912, and R. W. Shorthill, Univ. of Utah Research Institute,
Research Park, Salt Lake City, UT §&4108.

Background: ALSE was a three channel, synthetic-aperture radar experi-
ment in operation during orbits 16, 17 and 18 of the Apollo 17 mission [1,2].
The primary objective was *c detect variations in the lunar subsurface

electrical properties and thereby determine subsurface layering and structure.

The HF-1 channel (A = 5m) provided the deepest subsurface sounding.

Processing: A1l HF-1 raw data signal film was transformed to holographic
format using coherent optical-processing techniques [3]. Unlike photographs,
holog-ams preserve the full dynamic range and phase information of the
processed data. A specially designed hologram viewer [2] allows the observer
to adjust the Doppler bandwidth and magnify the reconstructed radar image on
a viewing screen. These Doppler-filtered images can then be photographed
and mosaicked.

Interpretation: Early digital and holographic analyzis illustra*ed
that radar data collected during a single lunar orbit was not -ufficient to
determine subsurface reflections from off-track surface clutter. In order to
reduce this ambiguity, a multiple orbit data correlation technique was de-
vised which involved comparing the holographically processed radar data from
two adjacent E-W orbits and filtering out those reflections which did not
occur in both orbits at the same time delay (depth) anu azimuth (longitude)
(5]. This technique was tested for traverses across Mariec serenitatis and
Crisium, Spatially coherent radar returns were detected across both maria:
two horizons in Serenitatis and one in Crisium [4]. Calculations of power
reflection coefficients indicate that these radar horizons are most likely
regolith layers interbedded with more massive 1ithologies [4). The subsur-
face horizons in Mare Serenitatis have recently been assigned to major strati-
graphic boundaries on the basis of detailed surface analysis, thus permitting
the structural and stratigraphic evolution of the basin to be better
ascertained [5].

Present Investigation: The ALSE coverage included a number of mare
regions in addition to Serenitatis and Crisium: the north flank of Mare
Vaporum, the southern shelf of Mare Imbrium and an extensive traverse across
Oceanus Procellarum. We have recently undertaken an effort to analyze these
remaining ALSE data in holographic format and correlate the data between
adjacent orbits. The hologram viewer at the University of Utah has been
reassembled and fine tuned. Second and third generation signal and hologram
film for all lunar regions covered by ALSE has been examined and catalogued.
We have conducted test runs for the traversa (orbit 17) across Oceanus
Procellarum in the vicinity of 5°N, 50°W and are currently analyzing these
images.

References: [1] R, J. Phillips, et al. (1973) Apollo Lunar Suunder
Experiment in Apolio 17 Preliminary Science Report, NASA SP-330, 22-1--22-26.
[23 L. J. Proceilo et al, (1974) fﬁe Apollo Lunar Sounder Radar System, Proc.
1EEE, 62, 769-783. [3, L. J. Cutrona et al. (1966), On the application of
coherent optical processing techniques to synthetic-aperture radar, Proc.
1EEE, 54, 1026-1032. [4] W. J. Peeples et al. (1978) Orbital radar evidence

for lunar subsurface layering in Maria Sereritatis and Cricium, Journ. Geophy.
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CLASSIFICATION OF SURFACE UNITS IN THE EQUATORIAL RFEGION OF MARS
BASED ON VIKING ORBITER COLOR, ALBEDO, AND THERMAL DATA

R.E. Arvidson and E.A. Guinness, McDonnell Center for the Space
Sciences, Washington University, St. Loufs, Missouri 63130

A considerable amount of Viking Orbiter data now exists that fis
pertinent to understanding the distribution of surficial and perhaps
bedrock units on Mars. The most applicable data sets consist of
three color (0.45 to 0.59 micrometers) image data (Soderblom et al.,
1978), together with thermal inertia estimates and broadband (0.3 to
2.5 micrometers) albedo data derived from the Infrared Thermal
Mapper (Kieffer et al., 1977). We have quantitatively searched for
clusters within the 3 dimensional data set consisting of Red/Violet
ratios from the approach mosaic (northern late spring), together
with alb lo and thermal inertia estimates for the first 300 days of
the Viking Orbiter mission. These Mars Consortium data were first
placed in registered image format and then a principal components
rotation was performed to obtain three new axes that better explain
the variance patterns inherent in the data (Arvidson et al., 1982).
We find that about 50% of the variance (information content) for the
region spanning 15 degrees on either side of the equator is carried
along the first principal component vector direction. In essence,
this means that the data form an elongat: swarm in R/V, albedo,
thermal inertia space. The swarm was "stretched" into a spherical
shape, to remove the dominate trend and to emphasize the
distribution of clusters, by increasing the dynamic range along the
principal component directions. An inverse coordinate rotation was
then performed tc obtain the decorrelated values of R/V, albedo, and
themal inertia. 1he new values were then plotted in a triangular
..agram and clusters were visually defined and tested for
statistical validity (Arvidson et al., 1982). Unit maps for the
region bounded by 0 to 50° and 280 to 360° W. longitude were
generated based on the clusters. Five main clusters were identified
that are part of a trend with two end members: A bright, red region
with Tow thermal inertia (Arabia), and a dark, gray region with high
thermal inertia. The fact that three discrete units can be
discerned between these e